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Chapter 1 Introduction 
 
1.1 Atomically thin materials 
 
Reducing the dimensions of materials is one of the most attractive approaches for exploring 
new physical phenomena and/or boosting breakthrough technologies in the current fields of 
electronics and optoelectronics
1-3
 In particular, two-dimensional (2D) materials are the best 
platform to develop fundamental physics and functionalities originating from 2D features.
3,4
 
Many 2D materials exist in three-dimensional (3D) bulk forms in which strongly bonded layers 
are stacked with weak interlayer interactions.
5
 These materials are the so-called van der Waals 
layered materials and they are, in principle, free of the dangling bond which leads to structural 
stability. The layered structure allows the crystal to be readily cleaved along these layers, 
resulting in the isolation of atomically thin layers.
3-5
 The discovery of graphene, the monolayer 
form of a carbon atom honeycomb lattice that is isolated from graphite, has encouraged primary 
research interests in 2D materials because its electronic structure differs dramatically from that 
of graphite, e.g. it has a unique linear band dispersion around K point.
6,7
 In addition, remarkable 
physical properties such as the highest carrier mobility
8
, the highest thermal conductivity
9
, and 
the strongest stiffness among existing materials
10
, have been revealed in graphene. These 
advantages have inspired researchers to try to replace conventional inorganic materials in 
semiconductor devices with graphene; however, the absence of a bandgap in graphene hampers 
its intrinsic applicability to electronic and optoelectronic devices.
7
 Therefore, scientists have 
recently renewed their efforts to (re)discover alternative atomically thin materials that are able 
to overcome the limits of graphene. This is the main driving force to develop new materials, 
device architectures, and functionalities for next-generation semiconducting applications. 
 
1.2 Transition metal dichalcogenides (TMDCs) 
 
1.2.1 Electronic and optical properties 
  Transition metal dichalcogenides (TMDCs) with the formula MX2 (where M is a transition 
metal atom from group IV to VI and X is a chalcogen atom) are one of the most studied layered 
materials (periodic table of Fig. 1.1(a)).
11-14
 As shown in Fig. 1.1(b), TMDCs have a hexagonal 
structure consisting of a metal atom (M) layer in a triangular lattice that is sandwiched between 
two chalcogen (X) layers.
13
 The intra-layer M–X bonds are predominantly covalent, whereas the 
neighboring sandwich layers are coupled with each other by weak van der Waals forces. Bulk 
TMDCs have diverse physical properties ranging from insulators such as HfS2, to 
semiconductors such as MoS2, semi-metals such as WTe2, and metals and superconductors such 
2 
 
as NbS2.
11-14
 The bulk crystal structure is held in a variety of polytypes with various stacking 
orders and metal atom coordinations (Fig. 1.1(c)). The overall symmetry of the crystal is 
hexagonal or rhombohedral, and the metal atoms have trigonal prismatic and octahedral 
coordinations. When the monolayer form has a trigonal prismatic coordination, the crystal 
stacking is called a “2H type” with hexagonal symmetry or a “3R type” with rhombohedral 
symmetry. The monolayer form with an octahedral coordination is called a “1T type” stacking. 
In addition, the mixed stacking of monolayers with 2H and 3R types are also referred to as “6R 
type”. The lattice constants along the in-plane (shown as a in Fig. 1.1(c)) range from 3.1 to 3.7 
Å depending on each material. The stacking index (shown as c in Fig. 1.1(c)) represents the 
interlayer spacing (~ 6.5 Å).
13,14
 
 
Fig. 1.1 (a) Periodic table highlighting the transition metals and the chalcogen elements that 
form the layered structure. (b) Schematic depiction of the MX2 structure. (c) Schematics of the 
crystal structure polytypes: 2H, 3R, and 1T. The figures were used with permission from: ref. 13, 
© 2013 Macmillan Publishers Ltd.; ref. 14, © 2012 Macmillan Publishers Ltd. 
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  The fact that the electronic structure that depends on the number of the layers is a remarkable 
feature in TMDCs. The change in the band structure occurs because of the quantum 
confinement that comes from decreasing the number of the layers, inducing the hybridization 
between the pz orbital of the chalcogen atom and the d orbital of the transition metal atom.
15,16
 
The layer number dependent band structures for MoS2 calculated using density functional 
theory (DFT) are shown in Fig. 1.2.
15
 When comparing the sequences of band structures with 
different thicknesses, the gap energy for the direct transition at the Brillouin zone K point is 
almost constant because the conduction band states around K point are primarily dominated by 
the localized d orbitals of the Mo atoms, which are located in the middle of the S–Mo–S 
configuration. This offers minimal interlayer coupling and results in a relatively unaffected band 
variation. On the other hand, the indirect energy gap changes with the number of the layers and 
becomes the largest state in the monolayer form. Because the states near the Г point are 
composed of the antibonding pz orbitals of the S atoms and the d orbitals of the Mo atoms, they 
are strongly affected by the interlayer coupling and the sensitively depends on the layer number. 
Therefore, as the layer number decreases down to a monolayer, there is a transition from an 
indirect bandgap (~ 1.3 eV) to a direct bandgap (~ 1.8 eV).  
 
Fig. 1.2 The layer number dependence of band structures calculated for MoS2. The figure was 
used with permission from: ref. 15, © 2010 American Chemical Society. 
 
  The unique change in the electronic band structure in the monolayer form also creates 
advantageous optical properties. For example, in bulk or multi-layer MoS2, the indirect 
transition requires the mediation of phonon and/or impurity scattering to compensate for the 
momentum difference. This results in poor luminescence capability because electrons tend to 
decay with non-radiative recombination when they are excited from the valence band to the 
4 
 
conduction band via optical excitation. In stark contrast, the direct interband energy transition at 
the K point contributes to higher photoluminescence (PL) intensity in the monolayer form. As 
shown in Fig. 1.3(a), the PL quantum yield increases by a factor of ~10
4
 as the layer numbers 
decrease from bulk to monolayer.
16
 The layer number dependence of the normalized PL 
spectrum and its peak energy profile are shown in Fig. 1.3(b) and 1.3(c). The main peak around 
1.8 eV of monolayer MoS2 barely shifts to a lower energy as the layer number increases, 
whereas an additional peak originating from the indirect bandgap transition appears in 
multi-layer samples. Although both PL from the direct and indirect bandgap coexist in 
multi-layer MoS2, most of the excited electrons relax to the bottom of the conduction band with 
non-radiative recombination. These optical excitation measurements are consistent with the 
band calculation indicated in Fig. 1.2, and are also confirmed by photoconductivity and optical 
absorption measurements.
15,16
 Another interesting optical property is its excitonic feature 
mediated by strong Coulomb interaction. Monolayer samples are ideal 2D confined systems 
where optically triggered electrons and holes form bounded states “excitons”.17-20 In particular, 
the exciton binding energy in monolayer MoS2 has been reported in the range from 500 – 900 
meV, which is one order of magnitude higher than that of conventional semiconductors such as 
III-V semiconductors, due to strong 2D confinement in TMDCs.
17-22
 
 
Fig. 1.3 (a) PL spectrum for mono- and bi-layer MoS2. Inset shows the quantum yield measured 
in samples with various thicknesses. (b) Normalized PL spectrum with different layer numbers. 
(c) The layer number dependence of the PL peak position. The figures were used with 
permission from: ref. 16, © 2010 American Physics Society. 
 
  The variation of the interlayer coupling as the layer number decreases also affects the 
vibrational properties. The phonon dispersion for many TMDCs has been theoretically 
calculated, and also their lattice vibration modes have been investigated by Raman 
spectroscopy.
23-25
 The characteristic Raman active modes are shown in Fig. 1.4(a). The E
1
2g and 
E1u modes are associated with the in-plane vibration, and the A1g mode relates to out-of-plane 
vibration.
23
 In particular, as the number of layers decreases, the A1g mode exhibits a softening, 
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whereas the E
1
2g mode exhibits a small hardening (Fig. 1.4(b)). The comparison of the two 
characteristic modes, the A1g mode and the E
1
2g mode, allows us to identify the layer number of 
MoS2, as indicated in Fig. 1.4(c). The origin of the shift in the phonon frequency has been 
considered to be the change in the layer-by-layer effective restoring forces on the atoms. In 
addition, the increased dielectric screening of the long-range Coulomb interaction also affects 
the frequency of the Raman active mode.
24
 
 
Fig. 1.4 (a) Schematic illustration of the characteristic vibrational modes in MoS2 (b) Raman 
spectrum with different layer numbers. (c) The layer number dependence of Raman modes for 
both in-plane and out-of-plane modes. The figures were used with permission from: ref. 23, © 
2010 American Chemical Society. 
 
1.2.2 Mechanical properties 
  In spite of the atomically thin thickness of 6.5 Å, the individual layers of TMDCs have 
superior stiffness. The mechanical strength (the Young’s modulus) of monolayer MoS2 has been 
reported to be approximately 30 times greater than that of steel.
26,27
 In addition, because of 
intrinsically stiff chemical bonds of the Mo-S networks, the robustness of monolayer MoS2 
allows it to endure deformation up to 11% before breaking. As shown in Fig.1.5, the induced 
strain under mechanical bending can be defined as a function of the thickness of the material, t, 
and the curvature of the deformation radius, R. When material flexibility is necessary to allow 
deformation to a given R, the induced strain is proportional to t. Therefore, atomically thin 
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TMDCs can drastically reduce the induced strain even when materials are hardly bent or rolled, 
offering substantial potential for use in flexible and stretchable applications.
28,29
 
 
Fig. 1.5 A schematic representation of induced strain in atomically thin materials. 
 
1.2.3 Chemical properties 
  In order to investigate the fundamental electronic, optical, and mechanical properties of 
atomically thin TMDCs and their possible applications, reliable and scalable methods for 
synthesizing high-quality mono- or few-layer films must be established.
13
 The most widely 
adopted technique for yielding atomically thin samples is micromechanical exfoliation using 
adhesive tape, which is similar to a technique developed for producing graphene (Fig. 1.6(a)).
3-5
 
Although the mechanical cleavage method allows us to obtain high-quality single crystal 
samples that can be used to investigate the intrinsic physical phenomena, preparation methods 
that are able to yield large quantities are necessary for material functionalization and device 
applications. One promising method to produce large quantities of few- and monolayer samples 
is liquid exfoliation. As shown in Fig. 1.6(b), the layered compounds are dispersed in organic 
solvents. This method can produce gram-sized quantities of few-layer TMDCs, such as MoS2 
and WS2 from their dispersions.
30-34
 Another effective technique for mass production is the 
electrochemical lithium intercalation method.
35-37
 The Li-intercalated materials can be exfoliated 
by ultrasonication, yielding few-layer and/or monolayer samples. Furthermore, high-yield 
production of monolayer MoS2 and WS2 have been developed based on a controllable lithiation 
process. The yield of monolayer MoS2 is larger than 90% using this method, opening new routes 
for possible large-scale production.
35
 
  The introduction of liquid exfoliation paves the way for simple, low-cost, and 
environmentally friendly approaches to the high-yield production of TMDC films. However, it 
is difficult to control the thickness, which consequently results in a low concentration of 
monolayer films. Moreover, the yielded film size is typically small, generally less than a few 
micrometers. Therefore, new approaches to create large-area monolayer TMDC films are 
required for practical electronic and optoelectronic applications. As new synthesis methods for 
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sorting the thickness, making uniform films, obtaining scalability, and maintaining 
reproducibility, chemical vapor deposition (CVD) approach have been developed.
38-49
 Recently, 
the synthesis of large-area and uniform atomically thin layers of TMDCs has become 
feasible.
39-41
 For example, as shown in Fig. 1.6(c), highly crystalline and large-area tri-layer 
MoS2 films have been synthesized through two-step high-temperature annealing of a thermally 
decomposed ammonium thiomolybdate layer dip-coated on insulating substrates such as 
sapphire and SiO2/Si substrates.
40
 Due to the availability of these scalable growth techniques, it 
is possible to produce CVD-grown MoS2 thin films that are suitable for scalable device 
fabrication. 
 
Fig. 1.6 Optical images of (a) the mechanical exfoliation method and (b) the liquid exfoliation 
method. (c) Schematic of the two-step CVD system for large-area thin film growth. The figures 
were used with permission from: ref. 3, © 2005 National Academy of Sciences, U.S.A.; ref 31, 
© 2011 AAAS; ref 40, © 2012 American Chemical Society. 
 
1.3 Field-effect transistors (FETs) 
 
1.3.1 Working principle 
  Field effect transistors (FET) are one of the primary building blocks for current electronic 
devices, and are powerful tools for investigating the physical properties of materials. FETs are 
three-terminal devices consisting of source, drain, and gate electrodes. Figure 1.7(a) shows the 
device configuration of a typical bottom-gate FET. The gate electrode, insulating layer, 
semiconducting layer, and source/drain electrodes are vertically stacked with a capacitor 
structure. If the semiconducting layer is an intrinsic semiconductor, its resistance is quite high 
8 
 
without any gate bias. On the other hand, as shown in Fig. 1.7(b), when the gate voltage (VG) is 
applied, charge accumulation is induced due to the capacitor of the insulator/semiconductor 
interface. This charge accumulation makes the resistance of the semiconducting channel lower 
and enables drain current (ID) modulation with the applied gate voltage (VG). If the accumulated 
carriers are electrons, it is called an n-type transistor. The p-type transistors are mainly 
dominated by hole carriers. In general, FETs can switch information bits “0” and “1” by 
controlling the VG as “OFF” and “ON”. 
 
Fig 1.7 Schematic representation of (a) FET configuration and (b) working principle. 
 
  The key element for the FET operation is the metal-oxide-semiconductor (MOS) structure. 
Figure 1.8 shows a simple depiction of the cross-sectional band diagram of a MOS interface, 
assuming that the Fermi level (EF) of the intrinsic semiconductor is set to the middle of bandgap, 
and the metal work function is adjusted to EF. The Fermi levels of the metal electrode (EM), 
conduction band (EC), and valence band (EV) in the thermal equilibrium state are illustrated in 
the flat band model. 
 
Fig 1.8 Band diagram of a simple MOS interface. 
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When the voltage is applied to the MOS interface, charges are induced on semiconductor/oxide 
interface. Figure 1.9(a) shows the band diagram with a corresponding positive VG application. 
EFM shifts by eVG lower than EF, which induces the band bending on the semiconductor/oxide 
interface. In this condition, electrons are accumulated in the conduction band. In contrast, if the 
negative VG is applied, band bending occurs to accumulate holes (Fig. 1.9(b)). 
 
Fig 1.9 Band diagram of the MOS interface for (a) positive VG and (b) negative VG application. 
 
  To consider the carrier injection on the metal/semiconductor interface, the energy difference 
in the work function between the metal and the semiconductor is an important parameter. The 
work function is defined as the energy difference between the Fermi level and the vacuum level. 
The band diagrams of the metal/semiconductor junction are summarized on Fig 1.10, where ΦM 
is the work function of the metal, ΦS is the work function of the semiconductor, χ is the electron 
affinity, and EG is the bandgap. Figure 1.10(a) depicts the condition for ΦM > ΦS, and Figure 
1.10(b) indicates the band alignment for ΦM < ΦS. Note that both the metal and semiconductor 
Fermi levels are defined in the thermal equilibrium state. 
 
Fig 1.10 Band diagram of the metal/semiconductor junction for (a) ΦM > ΦS and (b) ΦM < ΦS. 
10 
 
In Fig. 1.10(a), holes can be easily injected from the metal (ohmic contact), however, a large 
energy difference between ΦM and EC, the Schottky barrier ΦBn defined as ΦM - χ, makes 
electron injection difficult. In contrast, in the condition of ΦM < ΦS, the Schottky barrier ΦBp = 
EG – (ΦM - χ) attributes to hole injection (Fig. 1.10(b)). Therefore, band alignment between the 
metal and the semiconductor is the key parameter to tune carrier injection and polarity control 
of devices. 
 
1.3.2 Unipolar and ambipolar FETs 
  The operation characteristics of FETs can be divided into two types; (i) unipolar FETs in 
which only one carrier is dominant for electrical transport (ii) ambipolar FETs in which both 
holes and electrons contribute to carrier transport. Fig 1.11 shows the cross-section of FETs. The 
channel length is L, the channel width is W, and the potential at a certain position x is V(x). 
When both VG and VD are applied, the induced sheet carrier density Q(x) can be written by using 
the specific capacitance of the oxide COX and the threshold voltage of Vth: 
))(()( xVVVCxQ thGOX                                               (1.1) 
where the electron transport Q(x) < 0 is considered. 
If VD = V(L) = VG –Vth, the channel vanishes because there is no effective potential drop. This 
condition is the so-called pinch-off. The drift current density J can be expressed by: 
DqnvJ                                                                  (1.2) 
where vD is the drift velocity. Using the formula EvD   and equation (1.2), where μ is the 
carrier mobility and E is the applied electric field between the source and the drain electrode, J 
is converted to: 
EqnJ                                                                   (1.3) 
where q is the elementary charge. By integrating the whole channel area for equation (1.3), ID 
can be written: 
ExWQID )(                                                            (1.4) 
Next, by adopting the formula E = -dV(x)/dx with equations (1.1) and (1.4), ID is converted to: 
dx
xdV
WxVVVC
dx
xdV
xWQI
thGOX
D
)(
))((
)(
)(




                                           (1.5) 
By integrating this equation with respect to x ranging from x = 0 to x = L and V(x) from V = 0 to 
V= VD, ID can be denoted as: 
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Assuming the region without pinch-off, VD << VG – Vth, the expression for ID can be simplified 
as: 
DthG
OX
D VVV
L
CW
I )(~ 

                                                 (1.7) 
This is a commonly used equation for analyzing FET operation in the linear region. As VD 
increases to the pinch-off point of VD = VG – Vth, the accumulation layers around the drain 
electrode disappear, which results in current saturation. By further applying VD, VD > VG – Vth, 
the pinch-off point is accordingly shifted toward the source electrode, and the voltage drop on 
the pinch-off point remains constant. Therefore, in this current saturation region, ID can be 
written as: 
2)(
2
thG
OX
D VV
L
CW
I 

                                                   (1.8) 
 
Fig. 1.11 The cross-sectional schematic of FETs. 
 
The operation mechanism described above is focused on one type carrier (unipolar) transport. 
To give further operational insight, the condition where both holes and electrons contribute to 
the carrier transport should be considered. In the electron accumulated condition, if the applied 
VD is less than VG – Vth,n, where Vth,n is the Vth of the electrons, the channel conductance is 
linearly modulated (unipolar linear regime). When VD is close to VG – Vth,n, the channel reaches 
the pinch-off and results in the saturation region (unipolar saturate regime). Interestingly, in 
ambipolar FETs, holes can be injected and accumulated from the drain electrode when the 
increased VD is larger than VG – Vth,p, where Vth,p is the hole Vth. In this ambipolar regime, both 
holes and electrons contribute to electrical transport. The operation schematics for ambipolar 
FETs are summarized in Fig. 1.12. 
12 
 
 
Fig. 1.12 Schematics of operation mechanisms for ambipolar FETs. 
 
Figure 1.13 presents the cross-sectional schematics of FETs under ambipolar operation. To 
simplify the model, Vth,n and Vth,p are assumed to be 0 V. When the |VD| is below |VG|, the channel 
is filled by one type carrier (unipolar regime). In this regime, the whole channel resistance Rtot = 
VD/ID can be denoted by using equation (1.6): 
|
)
2
1
(
|
GDOX
tot
VVWC
L
R



                                                   (1.9) 
When the |VD| is in excess of |VG|, another type carrier is injected and accumulated, as shown in 
Fig. 1.12. The region with one type carrier near the source electrode is defined as regime 1 and 
that with another type near the drain electrode is regime 2. The mobility for regime 1 μ1 and 
regime 2 μ2 can be denoted by: 
||
)(2
,
||
2
2
0
2
1
0
1
GDOXGOX VVWC
xL
R
VWC
x
R




                                 (1.10) 
In the position x0, all carriers should be recombined, thus, the currents in regime 1 and regime 2 
are equal.  
21
||||
R
VV
R
V GDG                                                            (1.11) 
Using equations (1.10) and (1.11), the recombination position x0 is written by: 
2
1
22
2
0
)( GDG
G
VVV
LV
x




                                                  (1.12) 
Therefore, x0 is dependent on each type of carrier mobility, and also on the applied VD and VG. 
In addition, using equations (1.10), (1.11), and (1.12), ID for |VD| < |VG| regime can be calculated 
as: 
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Moreover, considering that the carriers in regime 1 are electrons and those in regime 2 are holes, 
ID can be summarize by: 
(1) VD < VG – Vth,n (unipolar linear regime) 
DnthG
OXn
D VVV
L
CW
I )(|| ,

                                              (1.14) 
(2) VD > VG – Vth,n, VD < VG – Vth,p (unipolar saturation regime) 
2
, )(
2
|| nthG
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D VV
L
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I 

                                                (1.15) 
(3) VD > VG – Vth,p (ambipolar regime) 
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I                        (1.16) 
 
Fig. 1.13 The static model of ambipolar operation (|VD| > |VG|). 
 
1.3.3 Atomically thin material FETs 
  One of the most promising electronic applications of atomically thin material TMDCs are 
transistors for logic electronics because of their ultimate thin bodies and their bandgaps.
50,51
 
Although some demonstrations in terms of transistor fabrications based on mechanically 
exfoliated bulk or monolayer TMDCs with Si/SiO2 back-gate have reported since the early 
2000s, the achieved switching performance was quite low.
5,12
 The significant advances have 
been inspired by Radisavljevic et al. in 2011. They first demonstrated monolayer MoS2 
transistors using HfO2 as a high-k top-gate dielectric on SiO2 substrates and achieved a high 
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current on/off ratio of 10
8
 (Fig. 1.14).
52
 Following this benchmark, back-gate-based multilayer 
MoS2 transistors with high mobility of > 100 cm
2
/Vs and sufficient current on/off ratios of 10
6
 
have also been realized.
53
 The excellent switching properties of these transistors quickly 
associated them with demonstrating logic circuits.
54-56
 Interestingly, integrated circuits 
fabricated from bilayer MoS2, including inverters, NAND gates, and ring oscillators, have been 
reported.
55,56
 The oscillation frequency of a fabricated five-stage ring oscillator have reached up 
to 1.6 MHz, which is a significant step towards high-performance 2D nanoelectronics based on 
atomically thin TMDCs.
55,56
 
 
Fig. 1.14 (a) An optical image and (b) A schematic illustration of HfO2-top-gated monolayer 
MoS2 transistors. (c) The transistor properties of fabricated monolayer transistor. The figures 
were used with permission from: ref. 52, © 2011 Macmillan Publishers Ltd. 
 
Another key application of the TMDC transistors is optoelectronics, such as photodetectors 
and photovoltaic cells.
57
 The emerging direct bandgap in the visible range in monolayer TMDCs 
offers the capability for light absorption and luminescence, which allows us to use them as 
phototransistors.
58-64
 Importantly, Lee and co-workers reported the layer thickness dependence 
of the photoresponse in MoS2 phototransistors, indicating a selective wavelength detection 
originating from a thickness-tunable bandgap (Fig. 1.15(a)).
59
 For example, mono- and bilayer 
MoS2, with respective bandgaps of 1.8 eV and 1.6 eV, are beneficial for green light detection, 
while tri-layer MoS2 with a bandgap of 1.4 eV is useful for red light detection (Figs. 1.15(b) and 
1.15(c)). Furthermore, ultrasensitive monolayer MoS2 phototransistors with a broad spectral 
range have also been realized.
62
 The maximum external photoresponsivity reached 880 AW
-1
 
and the noise under dark current is lower than that of commercial state-of-the-art silicon 
avalanche photodiodes due to high sensitivity originating from the direct bandgap and efficient 
carrier excitation. These results provide the possibility of monolayer MoS2 for use in light 
sensing applications and photovoltaic cells.
65
 In addition to the fabrication of photodetectors, 
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electroluminescence has also been observed with monolayer TMDCs in a transistor 
configuration, opening pathway for using atomically thin TMDCs in light-emitting devices, 
such as light-emitting diodes (LEDs) and laser diodes (LDs).
66
 
 
Fig. 1.15 (a) A schematic depiction of a MoS2 phototransistor. (b) The tunable bandgap of MoS2. 
(c) The thickness dependent photoresponse in MoS2 phototransistors. The figures were used 
with permission from: ref. 59, © 2013 American Chemical Society. 
 
The high surface-to-volume ratio of TMDCs offers opportunities in sensor applications.
67-69
 
Li et al. first demonstrated a gas sensor based on mono- and few-layer MoS2 transistors that can 
detect the adsorption of NO gas.
67
 Since the MoS2 transistors naturally show n-type doping 
behavior, exposure to NO gas (which is most likely p-donor) can cause certain changes in the 
charge transfer, the doping level, and the conductivity. These sensing behaviors have extended 
to chemical sensors with a wide range of analyses, exhibiting a strong response upon exposure 
to nerve gas.
68
 In addition, humidity sensors have demonstrated, resulting in a sensitive response 
to water vapor at room temperature and atmospheric pressure.
69
 Because of the rapid progress in 
electronic and optoelectronic devices, monolayer MoS2 transistors are also applicable to new 
areas, such as energy harvesting. For example, a large Seebeck coefficient of 10
5
 μV/K in 
monolayer MoS2 has been observed, which provides the potential for atomically thin TMDCs in 
thermoelectric applications.
70
 
 
1.4 Electric double layer transistors (EDLTs) 
 
1.4.1 Ionic liquids and ion gels 
  FETs are able to modulate material conductivity by tuning the gate voltage. This property 
allows FETs work as a fundamental element of modern switching devices. In fact, the most 
important phenomena in FETs are the carrier density accumulation and modulation through the 
MOS capacitor structure. As described above, in ideal conditions, FETs can continuously 
control the Fermi energy of semiconductors, and can tune material polarities from p-type (hole) 
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to n-type (electron). However, in reality, the difference of work function between the metal and 
the semiconductor and/or the trap density originating from defects affects FET operation. In 
particular, the trap density localized at the material bandgap strongly influences the gate 
controllability of FETs. Because the shift of the Fermi energy depends on the applied gate 
voltage and the density of state (DOS) of the material, their relationship can be denoted by:
71,72
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                                                            (1.17) 
Therefore, a high trap density requires higher gate voltage than a lower trap density to obtain the 
comparable Fermi level shift. In terms of exploring device functionalities and investigating 
physical properties, fine control of Fermi level, i.e. larger capability of tuning carrier density, is 
highly desirable. In this regard, electric double layer transistors (EDLTs), in which the insulating 
layer is replaced by an electrolyte such as an ionic liquid, are one of favorable approaches to 
achieve wide-range carrier density control (Fig. 1.16).
73,74
 The operational principle of EDLTs is 
basically same as that of FETs. The significant difference between EDLTs and FETs is its 
capacitance value in the EDLTs because the redistribution of ions plays a key role in carrier 
density accumulation (Fig. 1.16). Following gate electric field application, cations and anions 
are aligned on both the semiconductor and gate electrode surface, and form electric double 
layers (EDLs) consisting of ions and carriers. These are commonly known as electric double 
layer capacitors (EDLCs).
75
 The thickness of EDLCs is ideally down to the ion radius of ~1 nm, 
which can serve as a super capacitor.
75,76
 In particular, EDLTs constructed with ionic liquid hold 
specific capacitance over 1 μF/cm2, which enables sheet carrier density, n2D, accumulation to 
exceed 10
13
 cm
-2
.
73,74
 The high specific capacitance of EDLTs also contributes to significant low 
driven voltage below 3 V, and offers excellent electrostatic controllability. In addition, EDLCs 
are self-organized on the semiconductor surface by the applied gate electric field. This makes 
EDLTs applicable to arbitrary material forms and/or substrates. 
 
Fig. 1.16 The schematic illustrations of an oxide-gated FET and an electrolyte-gated EDLT. 
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  Recently, ion gels, a mixed salt with an ionic liquid and a polymer, have attracted attention as 
an electrolyte for use with EDLTs.
77-80
 Figure 1.17 shows the chemical structure of an ionic 
liquid and tri-block co-polymer, and a schematic of ion gels. The tri-block co-polymer consists 
of 3D network structure with two cross-linked characteristic sites; one site is of a hydrophobic 
nature (poly stylene, PS in Fig. 1.17(a)) and the other is a hydrophilic site (poly methyl 
methacrylate, PMMA in Fig 1.17(a)).
81
 When an ionic liquid and a polymer are mixed, the ions 
are held in a framework of hydrophilic sites. Intrinsically, ionic-liquid-gated EDLTs require 
encapsulated architectures to protect device stability because of the fluidity of the ionic liquid. 
In contrast, ion gels have a gel-like form, having both solid and liquid features without 
compromising the high capacitance of the ionic liquid. Moreover, ion gels can reduce the 
concentration of ionic liquids, which gives a more stable operation for electrochemically soluble 
materials. Therefore, ion-gel-gated EDLTs can have wider material applicability and allow us to 
explore device functionalities mediated by EDLs and its deformability.
29,79
 
 
Fig. 1.17 (a) The chemical structure of an ionic liquid and a tri-block copolymer. (b) A 
schematic illustration of an ion gel.  
 
1.4.2 Comparison: FETs and EDLTs 
  In order to further address the advantages of EDLTs, the direct comparison of device 
parameters between FETs and EDLTs are summarized in Table I. Owing to the high specific 
capacitance of EDLTs, they can achieve several times larger electric fields and one order of 
magnitude higher carrier density accumulation compared to typical SiO2-gated FETs. However, 
because mobile ions play a role in EDLT operations, their switching speed is limited by ion 
conductivity and possibly reaches to MHz through theoretical and experimental predictions.
82-85
 
 
Device Capacitance 
(μF/cm2) 
Electric filed 
(MV/cm) 
Carrier density 
(1/cm
2
) 
Operation Speed 
(Hz) 
SiO2-gated FET 0.01 ~ 1 ~ 10
13
 > 10
6
 
Ion-gel-gated EDLT 10 > 10 ~ 10
14
 ~ 10
5
 
Table I. A comparison between FETs and EDLTs. 
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For example, Figure 1.18(a) show a comparison of transistor properties with different gate 
dielectrics.
86
 Compared to other low-k dielectric materials, EDLTs outperform in terms of high 
conductivity with substantially lower driven voltages, which directly visualizes the effectiveness 
of the high carrier density accumulation by EDLs. In addition, electric-field induced phase 
transition, such as metal-insulator transition and superconductivity transition, have been realized 
by EDLTs (Fig. 1.18(b)).
87-91
 These demonstrations obviously prove that EDLTs are superior to 
FETs for electrostatically controlling material carrier density and tuning their transport 
properties.
92
 
 
Figure 1.18 (a) A comparison of transistor properties with different dielectric materials. (b) The 
phase transition tuned by EDLTs. The figures were used with permission from: ref. 86, © 2007 
The Japan Society of Applied Physics: ref. 87, © 2007 American Institute of Physics 
 
1.4.3 Atomically thin material EDLTs 
  The efficient electrostatic controllability of EDLTs is useful for tuning the electronic 
properties of atomically thin TMDCs.
93,94
 Although high-performance transistors based on 
mono- and few-layer TMDCs have been demonstrated, almost all of those have been fabricated 
using high-k dielectric materials such as HfO2. In fact, the vacancies of S atoms serve as 
unintentional electron doping sites in MoS2, resulting in the pinning of Fermi level in MoS2 
transistors.
95,96
 In addition, the pinning effect degrades polarity control and causes typically 
(heavy-doped) n-type behavior in reported MoS2 transistors. Introducing high-k materials can 
reduce the adverse effects derived from these defects due to their efficient carrier density control 
and wide-range band filling. Therefore, a device configuration with high capacitance is 
necessary for further exploring the physical properties and device applications of atomically thin 
TMDCs. In this regard, EDLTs are one of the possible candidates for optimized structures.  
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  In the rapid progress of TMDC-based transistor research, ambipolar transistors have been 
realized by ionic-liquid-gated EDLTs fabricated with MoS2 thin flakes.
93,94
 Figures 1.19(a) and 
1.19(b) represents simple schematics of MoS2 EDLTs based on ionic liquid gating and their 
ambipolar transfer characteristics.
94
 When the gate voltage is applied, one type of carrier is 
accumulated in the transistor channel (Fig. 1.19(a), top). On the other hand, when the gate 
voltage is much smaller than the drain voltage, the effective gate voltage contribution near the 
drain electrode is inverted, which address the accumulation of the opposite type of carrier and 
induces the hole transport (Fig. 1.19(a), bottom). The huge specific capacitance of EDLs can 
accumulate a sheet carrier density that is one order of magnitude greater than that of the 
conventional SiO2 back-gate structure. This virtue offers the strong depletion of donor carriers 
and efficient carrier doping, resulting in high on/off ratios for both hole and electron transport 
(Fig. 1.19(b)) Electrically induced metal and superconductivity transition in MoS2 and WS2 has 
also been realized.
97-100
 Moreover, verification of ambipolar transport in TMDCs has driven new 
device functionality such as LEDs.
101-103
 In principle, in the ambipolar transport condition, the 
quasi p-i-n junction is formed inside the materials. Therefore, as shown in Fig. 1.19(c), 
light-emission has successfully been realized in ambipolar WS2 EDLT.
101
 Moreover, circular 
polarized electroluminescence (EL) from monolayer WSe2 has been demonstrated
102
, indicating 
novel optoelectronic functionality mediated by unique spin-valley coupled systems in WSe2 (Fig. 
1.19(d)).
104-108
 The combination of TMDCs and EDLTs provides substantial opportunities for 
exploring new electronic and optoelectronic device functionalities.
109 
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Figure 1.19 (a) The schematic of unipolar and ambipolar carrier accumulations in 
ionic-liquid-gated MoS2 EDLTs. (b) The ambipolar transfer characteristics of MoS2 EDLTs. (c) 
The light-emission from ambipolar WS2 EDLTs. (d) The circular polarized EL created from 
ambipolar WSe2 EDLTs. The figures were used with permission from: ref. 94 and ref. 101, © 
2013 and 2014 American Chemical Society: ref 102, © 2014 AAAS. 
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Chapter 2 Purpose of thesis 
 
Atomically thin materials, represented by graphene, present emergent physical properties 
compared to typical 3D solids due to their reduction in thickness, and therefore have attracted 
considerable attention for use as next-generation semiconducting materials. In particular, 
monolayer TMDCs are regarded as a new atomically thin material that can be isolated from 
bulk crystals. Monolayer TMDCs have direct bandgaps of 1-2 eV with thicknesses of < 1 nm, 
which allows us to explore new functional devices and new physical phenomena based on 
electronic, mechanical, and quantum properties originating from the 2D features. First, as an 
electronic feature in atomically thin TMDCs, excellent gate controllability derived from 
ultimately thin body can be expected. This provides substantial potential to overcome the 
physical restrictions of current semiconductor technologies, such as power consumption and 
miniaturization. Second, as a mechanical feature, atomically thin TMDCs are superior in both 
chemical stability and structural robustness due to the absence of dangling bonds and a high 
Young’s modulus. This offers great potential to realize semiconductor devices that are 
assembled on deformable substrates. Finally, as a quantum feature, it is feasible to investigate 
physical properties derived from the quantum-confined system, e.g. thermoelectric and 
optoelectronic functionalities. In atomically thin TMDCs, strongly confined carriers play a key 
role in device operation, thus, they can attain anomalous effects and enhancement for 
thermoelectric conversions and light-matter interactions. 
  In this thesis, the main aims are building material synthesis, device architecture, and 
functionality to explore electronic and optoelectronic device applications based on new 
atomically thin material TMDCs. For material strategy, developing a CVD-based method for 
synthesizing large-area monolayer films for future practical applications is described in chapter 
3. In chapter 4, unique device architectures and their operational characteristics are optimized 
for device applications embedded with various 2D features. To realize high-performance and 
mechanically deformable integrated circuits, transistor configurations with efficient electrostatic 
control and flexibility are greatly needed. In addition, fine control of the carrier density and 
wide-range electric field applications are necessary to investigate the material physical 
properties derived from quantum confinement. From these perspectives, EDLT configurations 
and their characterizations are established for using various large-area monolayer films.  
On the basis of establishing material preparation and device fabrication techniques, four 
device functionalities originating from atomically thin features are realized by the combination 
of monolayer TMDCs and EDLTs. First, utilizing superior electrostatic controllability of both 
monolayer TMDCs and EDLTs, high-performance transistors and circuits are demonstrated in 
chapters 4 and 5, respectively. Second, owing to the plasticity of monolayer TMDCs and the 
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flexible nature of EDLTs, highly flexible and fully stretchable device applications are 
demonstrated in chapter 5. Third, by combining the 2D band structure of monolayer TMDCs 
and the wide-range carrier density control of EDLTs, continuous tuning of thermoelectric 
conversions and maximization of its thermoelectric power factor are achieved in chapter 6.  
Finally, inducing large electric fields into quantum confined systems of atomically thin 
TMDCs can create unique electro-optic effect. Specifically, a new electrolyte-based device 
structure for generating light-emission and photodetection in atomically thin TMDCs is 
proposed in chapters 7 and 8, respectively. Using this proposed new device, the large 
electro-optic effect in monolayer TMDCs is realized in chapter 9, which consequently reveals a 
revolutionized platform for high-performance light modulation. A summary and outlook are 
described in chapter 10. 
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Chapter 3 Experimental methods 
 
3.1 Material preparation 
 
3.1.1 Top-down exfoliation 
  To prepare single crystalline monolayer TMDCs, a mechanical cleavage technique using 
scotch tape was adopted. This is an established method for production of graphene.
3-5
 Figure 3.1 
shows the procedure for mechanical exfoliation of monolayer WSe2. Using adhesive tape, the 
flakes and/or isolated films can be exfoliated from bulk crystal on SiO2 substrates. The thickness 
can be identified by optical contrast derived from light interference. The thickness of the 
exfoliated samples was also confirmed by Raman and PL spectroscopy. This technique can be 
commonly applied to layered TMDCs. Both of the main targeted materials in this thesis, MoS2 
and WSe2, were prepared in this way for the fabrication of individual devices. This method is 
suitable to yield single crystalline, highly purified, and clean samples, and therefore is a useful 
method for investigating the intrinsic physical properties of materials. However, mechanical 
exfoliation is not easy to enable the scalable, reproducible, and systematic controllable sample 
preparations. 
 
Figure 3.1 Pictures of the mechanical exfoliation procedure for monolayer TMDCs. 
24 
 
3.1.2 Bottom-up synthesis 
  In order to obtain scalable synthesis of monolayer films for device applications, CVD 
technique was developed for scalable synthesis of monolayer films. In this thesis, the 
reproducible synthesis of centimeter scale monolayer films was applied to four semiconducting 
series materials: MoS2, MoSe2, WS2, and WSe2.
39,110,111
 For example, as shown in Fig. 3.2(a), 
highly crystalline and uniform WSe2 monolayer films were grown on sapphire substrates (1 
cm
2
) using the CVD system. Their thicknesses and film qualities were characterized via optical 
images, atomic force microscopy (AFM), Raman, PL, and optical absorption measurements (Fig. 
3.2(b)).
111
 As the first step, 0.3 g of WO3 powder was placed in a ceramic boat located in the 
heating zone of a 1” tube furnace. The powder was then placed in a separate ceramic boat in the 
upstream portion of the furnace and maintained at 270°C during the reaction. The sapphire 
substrates for the WSe2 growth were placed in the downstream portion, where the Se and WO3 
vapors were carried to the targeting sapphire substrates by an Ar/H2 flow (Ar = 60 sccm, H2 = 6 
sccm, chamber pressure = 5 Torr). Next, the center heating zone was heated to 925°C at a rate of 
25°C /min. The temperature of the sapphire substrates was set at 750°C when the center heating 
zone reached 925°C. After that, the heating zone was maintained for 15 min, and the furnace 
was finally allowed to cool to room temperature. 
In addition, highly crystalline and uniform MoS2 monolayer films were grown on sapphire 
substrates using the CVD method.
110
 The synthesized films were also characterized by 
spectroscopic and optical measurements to verify their thicknesses and film qualities. In brief, 
the sapphire substrates were placed in the center of the tube furnace on a quartz board, 0.3 g 
MoO3 in a Al2O3 crucible was placed 3 cm away from substrates, and S powder in a quartz tube 
was placed 8 cm away from the furnace open end at the upstream in a quartz tube. First, the 
furnace was heated to 150°C at 10°C /min with 80 sccm Ar at 10 Torr, and then annealed for 20 
min. After that, the temperature was increased to 650°C at a rate of 25°C /min and then 
maintained for 10 min. The S powder was heated via a heating belt at 160°C when the furnace 
reached 400°C. After the growth, the furnace was slowly cooled to room temperature. 
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Figure 3.2 (a) Schematic illustration of the CVD system for growth of monolayer WSe2. (b) 
Optical and AFM images of cm-scale uniform monolayer films prepared on a sapphire substrate. 
The figures were used with permission from: ref. 111, © 2014 American Chemical Society. 
 
3.2 Device fabrications 
 
3.2.1 Ion gel preparations 
  The ion gel solutions were fabricated by mixing ABA-type tri-block copolymer, 
poly(styrene-block-methyl methacrylate-block-styrene) (PS-PMMA-PS; MPS = 4.3 kg/mol, 
MPMMA = 12.5 kg/mol, Mw = 21.1 kg/mol), and an ionic liquid, 1-ethyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl)imide ([EMIM][TFSI]), in an ethyl propionate solution (Fig. 
1.17).
112
 The weight ratio of the copolymer, ionic liquids, and solvent was maintained at 
0.7:9.3:20 for preparing thick ion gel films. The solution was drop-cast on the substrates, 
followed by annealing in an N2 atmosphere at 70°C for 12 h to form gel films with thicknesses 
above 100 μm. On the other hand, the weight ratio was maintained at 0.7:9.3:90 to decrease the 
viscosity of the solution for fabricating thinner gel films. By optimizing spin-coating conditions 
and solvents, the molecularly flat ion gel films with thicknesses down to 50 nm were available, 
as shown in Fig. 3.3. An AFM image revealed the root-mean-square roughness of the obtained 
gel films to be 0.3 nm. This molecularly flat gel film fabrication enables us to obtain 
high-quality dielectric/semiconductor interfaces, and gives further material applicability and 
device structures. 
26 
 
 
Figure 3.3 AFM image of a molecularly flat ion gel film. The figure was used with permission 
from: ref.112, © 2012 Wiley. 
 
3.2.2 EDLT structure 
Figure 3.4 represents a top-gate EDLT structure fabricated with CVD-grown TMDC 
monolayers. First, for the source and drain electrodes, Au contacts with Ni adhesion layers (80 
nm/2 nm), were thermally deposited onto the mechanically exfoliated or CVD-grown 
monolayer film surfaces. Next, ion gels were drop cast (or spin-coated) onto the film surface 
and the source/drain electrodes. The transistor channel region was then covered with a thin Pt 
foil (50 μm thick) to form a top-gate electrode. Finally, a thin gold wire was inserted into the gel 
films as the quasi-reference-electrode. 
 
Figure 3.4 The schematic of a top-gate EDLT structure. 
 
Figure 3.5 shows a simplified schematic of top-gate monolayer TMDC EDLTs fabricated 
with ion gels, its potential profile, and its equivalent circuits in series with two EDLCs. The 
reference electrode is inserted between the gate electrode and the channel interface. When the 
gate voltage is applied, a voltage drop will be induced at both the gate-electrode/ion-gel 
interface and the ion-gel/TMDCs interface. Therefore, it is necessary to measure the effective 
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voltage consumption at the channel interface against the applied gate voltage for obtaining the 
correct transfer curve and accumulated carrier density. For this purpose, the reference electrode 
collects the measured voltage between two EDLCs.
112,113
 
 
Figure 3.5 Cross section of EDLT structure, potential profile, and equivalent circuit. 
 
  As shown in the equivalent circuit of Fig. 3.5, the measured total capacitance, Ctot, is the sum 
of the EDL capacitor on the gate surface (Cgate) and on the channel surface (Cch), which are 
connected in series. 
chgatetot CCC
111
                                                          (3.1) 
If the ratio of Cch and Cgate is assumed to a, the following relation can be obtained by 
considering the charge conservation: 
ch
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                                            (3.2) 
where Vch and Vgate are the voltage consumption on channel surface and the gate surface, 
respectively. Therefore, equation (3.2) can be converted to: 
totch C
a
a
C
1
                                                             (3.3) 
Considering the area ratio between the channel region and the gate electrode, the effective 
voltage drop on the channel surface can be estimated. In particular, the relationship between VG 
and the reference voltage, VR, is directly attributable to the ratio of voltage drop on each surface, 
and thus, a linear fitting of the VG – VR slope is useful to extract the actual voltage drop that 
contributes to the Fermi level shift. 
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3.3 Electrical and optical characterizations 
 
3.3.1 Electrical transport measurements 
  The electrical transport properties of the fabricated EDLTs were characterized using a 
semiconductor parameter analyzer (Agilent Technologies, Inc. E5270) in a dark shield probe 
station inside an N2-filled glove box at room temperature (Fig. 3.6). For low temperature 
measurements, the fabricated EDLTs were firstly characterized using a semiconductor parameter 
analyzer (Agilent, B1500A) under high vacuum (< 10
-3
 Pa) at 270 K, which is above the glass 
transition temperature of the ionic liquid, to reduce possible electrochemical reactions. After the 
measurements, the devices were cooled down to 80 K using a probe station (Lake Shore 
Cryotronics, TTPX) with a cooling rate of 0.5–1.0 K/min. For the further lower temperature 
measurements, a physical property measurement system (PPMS, Quantum Design, Inc.) was 
also used. 
 
Fig. 3.6 Pictures of (a) the N2-filled glove box, (b) the probe station, and (c) the semiconductor 
parameter analyzer. 
 
3.3.2 Impedance measurements 
  Impedance measurements were performed to determine the capacitance of the EDLTs and 
therefore determine the field effect mobility using a frequency response analyzer (Solartron 
1252A frequency response analyzer with a Solartron 1296 dielectric interface controlled by 
ZPlot
®
 and ZView
®
 software). In order to obtain the capacitance of the ion-gel/TMDC interface, 
the source and the drain electrodes were short-circuited, and two terminal measurements across 
the source/drain and the top-gate electrodes were carried out. The frequency range was set to 
10
-3−105 Hz. In particular, for the DC voltage dependence of the capacitance measurement, the 
frequency was set to 10 Hz with fixed AC voltage amplitude of 5 mV, and the DC voltage was 
applied. A phase angle of approximately -90º corresponds to a purely capacitive response.  
  The capacitance value was calculated from the equivalent circuits of the impedance frequency 
response. EDLs on the semiconductor surfaces are formed in parallel to a series connection with 
an EDLC and a resistor (Fig. 3.7(a)). The impedance, Z, is expressed by the following equation: 
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where f is the frequency, CEDL is the capacitance, and R is the resistance. Here, Z can be 
separated into: 
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From equations (3.4), (3.5), and (3.6), CEDL can be denoted by: 
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Using equation (3.7), the measured impedance can be depicted as shown in Fig. 3.7(b), the 
so-called Nyquist plot, which is the trace of the impedance on the complex plane. The radius 
derived from the Nyquist plot directly corresponds to the capacitance.  
 
Fig. 3.7 (a) The EDL equivalent circuit (b) An example of measured Nyquist plot in the EDLTs. 
 
3.3.3 Optical measurements 
  Raman and PL spectroscopy were performed using a laser Raman spectrometer (JASCO 
NRS-5100) to verify the quality and homogeneity of the synthesized MoS2 and WSe2 films. 
Raman and PL spectra were excited by a green light laser with a 532 nm wavelength at room 
temperature. Figure 3.8 shows the Raman and PL spectra, respectively, for the CVD-grown 
MoS2 films on sapphire substrates. As shown in Fig. 3.8(a), the two characteristic Raman peaks 
are reasonably well assigned to the E
1
2g mode and the A1g mode. The energy difference between 
the two peaks is ~ 19.5 cm
-1
, which is in good agreement with the results obtained for 
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monolayer MoS2.
23-25
 The PL spectrum originated from the direct intraband recombination of 
the photogenerated excitons of the monolayer MoS2, and thus, this result also indicates that our 
CVD-grown MoS2 are monolayer films (Fig 3.8(b)).
15,16
 Note that the sharp peak at 
approximately 1.78 eV originated from Raman scattering of the sapphire substrate. 
 
Fig. 3.8 (a) Raman and (b) PL spectrum of CVD-grown MoS2 films. 
 
Figures 3.9(a) and 3.9(b) show the Raman and PL spectra, respectively, for the CVD-grown 
WSe2 films. In the Raman spectrum, two characteristic peaks are identified as the E
' 
(or E
1
2g) 
mode at 249 cm
-1
 and the A
'
1 (or A1g) mode at 260 cm
-1
.
114
 Other high energy peaks at 360 cm
-1
 
and 375 cm
-1
, as shown in the inset of Fig. 3.9(a), are attributed to the 2E1g and A1g+LA modes, 
respectively. Importantly, the Raman peak at approximately 310 cm
-1
, which has been predicted 
to be related to a rigid layer shear mode, is not observed. These Raman bands agree reasonably 
well with the Raman scattering spectrum of a monolayer WSe2 produced via mechanical 
exfoliation, indicating that our CVD-grown WSe2 are monolayer films.
114
 In addition, the strong 
PL spectrum of Fig. 3.9(b) also proves that our synthesized films are monolayers.
115
 The 
position dependence of the Raman and PL spectra were additionally evaluated. Fig. 3.10 shows 
that the Raman and PL spectra were taken at different positions spaced 1 cm apart. The 
characteristics of the Raman and PL spectra are quite consistent at each position, supporting 
cm-scale uniformity of our CVD-grown monolayer films. 
 
Fig. 3.9 (a) Raman and (b) PL spectrum of CVD-grown WSe2 films. 
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Fig. 3.10 Raman and PL spectra at different positions. 
 
Furthermore, the CVD-grown films were characterized by their optical absorption, which was 
determined using a UV-Vis-NIR Spectrophotometer (Varian, Cary 5000). For example, Figure 
3.11 exhibits the obtained absorption spectra of monolayer WSe2 films and their band structures 
obtained by the first principle calculation. The observed four characteristic peaks can be 
assigned to the excitonic energy transition corresponding to A, B, A’, and B’, respectively (Fig. 
3.11(a)).
116
 This obtained spectrum directly reflects the band structure of monolayer WSe2 (Fig. 
3.11(b)). Moreover, the synthesized films were characterized by XPS, SEM, and TEM. These 
spectroscopic and optical characterizations were performed in all CVD-grown MoS2, MoSe2, 
WS2, and WSe2 monolayers. 
 
Fig. 3.11 (a) Absorption spectrum and (b) calculated band structure of monolayer WSe2. 
32 
 
Chapter 4 Unipolar and ambipolar EDLTs 
 
4.1 Introduction 
 
  The high specific capacitance of EDLTs provides unique characteristics in transistor operation. 
As described in section 1.4, the transistor operation and its performance are sensitive to the 
density traps originating from defects, disorders, and/or impurities. In particular, the deep traps 
localized in the bandgap crucially influence the material polarities because these localized states 
contribute to the carrier traps and make the control of the Fermi level difficult. This limits the 
applicability of the emergent materials for semiconducting devices. To overcome this problem, 
EDLTs can completely fill these carrier traps with extremely small voltages (typically less than 
0.1 V) owing to the high specific capacitance of EDLs. Therefore, in principle, Vth is determined 
by the material bandgap because the quantum capacitance dominates both hole and electron Vth, 
and the sum of them should be nearly equal to the bandgap energy in the EDLTs. For example, 
the relationship between the hole Vth and the valence band has already been reported using 
organic unipolar EDLTs, though, the relation between Vth and the bandgap has not yet been 
experimentally clarified.
117
 Basically, this interpretation can be evaluated by analyzing 
ambipolar (p- and n-type) EDLT operations as well as the principle of cyclic voltammetry (CV). 
  In the first half of this chapter, the fundamental operation mechanism and the physical 
interpretation of EDLTs are discussed. Specifically, EDLTs can expect low voltage operation for 
ambipolar transport, which should correspond to the material bandgap energy. In order to prove 
the correlation between Vth and the bandgap, organic single crystal EDLTs with different 
bandgaps (the highest occupied molecular orbital (HOMO) – the lowest occupied molecular 
orbital (LUMO) gap) were studied. In general, the ambipolar transport in organic transistors is 
very difficult to realize because of its intrinsic low carrier mobility and large work function 
mismatch, resulting in poor carrier injection and accumulation. Although some ambipolar 
organic FETs have been reported, they typically require a large gate voltage application (~ 100 
V).
118,119
 By using an EDLT configuration, significantly lower Vth (< 3 V) for both hole and 
electron transports can be expected. This indicates the advantageous of using EDLTs in 
transistor applications using emergent materials. 
Based on this insight into EDLT operations, EDLT fabrication and electrical characterizations 
with various CVD-grown TMDC monolayers are described in the last half of chapter 4. 
Ion-gel-gated EDLTs fabricated with four materials, MoS2, MoSe2, WS2, and WSe2, are shown 
to exhibit excellent transport properties, such as high carrier mobility, high on/off ratios, and 
polarity control, are achieved, demonstrating the great potential of TMDC EDLTs for 
electronics. 
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It should be noted that the contents of chapter 4 are based on the following published papers: 
・Y. Yomogida, J. Pu et al., Adv. Mater. 24, 4392-4397 (2012) 
・J. Pu et al., Phys. Chem. Chem. Phys. 16, 14996-15006 (2014) 
・J.-K. Huang, J. Pu et al., ACS Nano 8, 923-930 (2014) 
 
4.2 Organic single crystal EDLTs 
 
4.2.1 EDLT fabrication with organic single crystals 
  The organic single crystals were prepared using a standard physical vapor transport (PVT) 
method.
120,121
 Figure 4.1 shows a simple schematic of the PVT system for vaporization and 
crystallization. Three organic single crystals, such as rubrene, pentacene, and BP3T, were grown 
by the PVT method. The PVT system is mainly constructed from a higher temperature heating 
furnace and two lower temperature controlled furnaces. These create a temperature gradient in a 
flowing inert carrier gas, such as N2 or Ar. Organic powders put on the metal boat were placed 
in the higher temperature zone and the furnace was heated under a flowing N2+H2 (4%) carrier 
gas. The molecules were slowly vaporized, and then crystallized in the lower temperature zone. 
By controlling the temperature, gas flow rate, and heating time, the single crystal growth 
condition was optimized. Table II indicates the growth parameters adopted in this thesis for 
three organic materials. 
 
Fig. 4.1 The PVT system for single crystal preparation. 
 
Materials Thigh (°C) Tcenter (°C) Tlow (°C) Flow rate (ml/min) Time (h) 
Rubrene 290 240 190 100 14 
Pentacene 295 240 190 50 12 
BP3T 365 - 280 50 12 
Table II The growth condition adopted in this thesis. 
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To fabricate ion-gel-gated EDLTs with organic single crystals, the active semiconductor 
materials have been limited to stable materials, such as organic polymers,
78-80,122-125
 
graphene,
126,127
 and other inorganic materials.
84,128
 Because the realization of high quality 
dielectric/semiconductor interfaces requires the semiconductors to be protected from 
electrolytes and/or solvents, it has been difficult to fabricate a molecularly flat ion gel film.
129
  
Organic single crystal EDLTs fabricated with molecularly flat ion-gel films are required to 
overcome this limitation and to realize ambipolar transistors. 
The ion-gel films were fabricated via gelation of a triblock copolymer in an ionic liquid. First, 
both polymer size and fabrication process were optimized.
112
 Several types of triblock 
copolymers with different molecular structures and molecular weights were tested. It was  
consequently found that smaller polymers are better to obtain flat films. Second, several organic 
solvents with boiling points, Tb, ranging from 60 to 150 °C, were also optimized. It was found 
that a higher Tb leads to smoother ion-gel films. The optimized ion-gel films were fabricated by 
the gelation of a triblock copolymer poly(styrene-block-methylmethacrylate-block-styrene) 
(PS-PMMA-PS, MPS = 4.3 kg/mol, MPMMA = 12.5 kg/mol, and Mw = 21.1 kg/mol) in ionic 
liquids such as 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 
([EMIM][TFSI]) and 1-propyl-1-methyl pyrrolidinium bis(trifluoromethylsulfonyl)imide 
([P13][TFSI]) (Fig. 1.17).
112
 The spin-coating solution was prepared by co-dissolving 
PS-PMMA-PS and an ionic liquid in ethyl propionate (Tb = 102 °C). The weight ratio of the 
copolymer, ionic liquids, and solvents was maintained at 0.7:9.3:90. This solution mixture was 
stirred for 3 h. The solution was then filtered using 200 nm poly(tetrafl uoroethylene) filters. 
The filtered solution was spin-coated onto SiO2/Si substrates at a spin speed of 6000 rpm for 
120 s, followed by annealing in a vacuum oven for 24 h. These ion-gel films were finally 
transferred to a glove box to further anneal for 3 h at 70 °C (Fig. 3.3). 
In order to construct ambipolar organic single crystal EDLTs, Au and Ca electrodes are both 
necessary.
130,131
 There is work function mismatch between Au and the LUMO of organic 
materials, as shown in Fig. 4.2, and it causes a large barrier for the electron injection. Using 
asymmetric electrodes (different metals for the source and drain electrodes) can reduce the 
injection barrier for both holes and electrons. As shown in Fig. 4.3, organic single crystals, 
rubrene, pentacene, and BP3T, were laminated onto spin-coated ion-gel films, and then the 
source and drain electrodes were deposited onto organic single crystal surfaces. Importantly, to 
prevent an electrochemical reaction between the Ca and ion gels, the top electrodes were built 
on the crystal surface to avoid exposure to the ion gels. For the final process, a gold wire is 
inserted into the gel films as a reference electrode. All device fabrications were performed 
inside in a glove box. 
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Fig. 4.2 The band diagram between the Au electrode, the Ca electrode, and the rubrene. 
 
 
Fig. 4.3 Schematic and optical image of fabricated ambipolar organic single crystal EDLTs. The 
figure was used with permission from: ref.112, © 2012 Wiley. 
 
4.2.2 Transistor properties 
Before the transistor characterizations, capacitance measurements were performed to directly 
compare the fabricated ion-gel thin films with the reported results. Figure 4.4 exhibits the 
capacitance and phase angle profile against the frequency. The phase angle at 90 degree 
indicates a capacitive behavior. The capacitive regime in the frequency near 10
5
 Hz suggests 
that the ion gels work as bulk dielectrics because the ions cannot displace at such a high 
frequency. On the other hand, the capacitive behavior around 1 Hz indicates EDL formation and 
results in a large specific capacitance. The obtained capacitances were 5.7 and 4.8 μF/cm2 for 
[EMIM][TFSI] at 0.25 Hz and [P13][TFSI] at 0.63 Hz, respectively. These values are consistent 
with the results reported in ionic liquids and ion gels, indicating the high quality of the 
fabricated films as ion conductors.
77-81
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Fig. 4.4 The capacitance and phase angle profiles of the fabricated ion gel films. 
 
Figure 4.5 shows the ambipolar transfer characteristics of pentacene and rubrene 
single-crystal EDLTs constructed with Au/Ca asymmetric source/drain electrodes as a function 
of the reference voltage. Ambipolar transports in both single crystals were successfully obtained. 
Although ambipolar transport was observed in these devices, the effect of the gate leakage 
current was inevitable for electron accumulation. This leakage current originates from a redox 
reaction between the ionic liquid and organic molecules. The degradation by the redox reaction 
makes it difficult to determine the precise Vth in ambipolar single crystal EDLTs with Au/Ca 
asymmetric source/drain electrodes. Furthermore, in ambipolar transistors, Vth depends on the 
drain voltage, and thus, separate evaluations for each hole and electron measurement are 
necessary to determine Vth correctly. 
 
Figure 4.5 The ambipolar transfer characteristics for a (a) pentacene and (b) rubrene single 
crystal EDLT. The figures were used with permission from: ref. 112, © 2012 Wiley. 
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Single-crystal EDLTs with Au or Ca symmetric source/drain electrodes were fabricated to 
examine accurate Vth.
132
 Figures 4.6, 4.7, and 4.8 show the output and transfer curves of 
pentacene, rubrene, and BP3T EDLTs with Au symmetric source/drain electrodes, respectively, 
which are suitable to evaluate hole injections and accumulations. It is obviously that typical 
p-type transistor operations were observed without adverse effects such as leakage current and 
contact resistance. 
 
Figure 4.6 The output (left) and transfer (right) curves for a p-type pentacene EDLT. 
 
 
Figure 4.7 The output (left) and transfer (right) curves for a p-type rubrene EDLT. 
 
 
Figure 4.8 The output (left) and transfer (right) curves for a p-type BP3T EDLT. 
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Figures 4.9 and 4.10 present the output and transfer curves of pentacene and rubrene EDLTs 
with Ca symmetric source/drain electrodes, respectively. Although the enhancement of electron 
currents was observed, there were significant gate leakage currents when the drain voltage was 
substantially lower than the gate voltage. Therefore, Vth was determined in the regime where the 
drain voltage was substantially larger than gate voltage. In addition, electron transport was also 
obtained in the BP3T EDLT, although its gate leakage seriously degraded device operations. 
The data sets obtained for the n-type BP3T EDLT were excluded from precise analysis and 
discussion. 
 
Figure 4.9 The output (left) and transfer (right) curves for a n-type pentacene EDLT. 
 
 
Figure 4.10 The output (left) and transfer (right) curves for a n-type rubrene EDLT. 
 
4.2.3 Determination of the interfacial electronic structure 
  Figure 4.11 represents the p- (Au symmetric structure) and n-type (Ca symmetric structure) 
transfer characteristics for pentacene and rubrene EDLTs, respectively. In addition, the carrier 
mobilities and Vth obtained from Figs. 4.6 – 4.10 are summarized in Table III. The Vth has much 
lower values than those of single crystal transistors built on an SiO2/Si substrate
118-121
. This 
supporting the conclusion that the role of Vth is different in EDLTs and in conventional FETs, as 
described in chapter 4.1.
117
 Moreover, Table III clearly shows that carrier mobility is dependent 
on ionic liquids. A physical basis for the ionic liquid dependence is discussed in a later chapter. 
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Figure 4.11 The p- and n-type transfer characteristics for pentacene (top) and rubrene (bottom) 
single crystal EDLTs. The figure was used with permission from: ref. 112, © 2012 Wiley. 
 
 
Table III. Summary of transistor parameters for fabricated organic single crystal EDLTs. The 
figure was used with permission from: ref. 112, © 2012 Wiley. 
 
As described above, in principle, the Vth of a transistor is determined by the required voltage 
for shifting the Fermi level to the conduction and the valence bands (quantum capacitance) and 
the required voltage for filling the carrier traps (geometric capacitance).
71,72
 In particular, the 
voltage for trap filling typically requires up to 100 V in organic transistors, which attributes to 
dominant factor of Vth.
118-121
 In contrast, EDLTs have a large specific capacitance, and they can 
fill these traps with less than 0.1 V.
117
 Therefore, the Vth of an EDLT is ideally equal to the 
bandgap (HOMO-LUMO gap). This means that the sum of the required potential to shift the 
Fermi level to the conduction band and the potential to shift the Fermi level to the valence band 
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corresponds to the bandgap energy. As a direct comparison, Figure 4.12 indicates the 
relationship between the sum of the Vth and the reported HOMO-LUMO gaps obtained by the 
CV and optical measurements.
133-136
 Figure 4.12 obviously shows a linear correlation, and its 
slope is equal to 1. Interestingly, the y-intercept of this line is not zero, which shows that the 
sum of the Vth is slight smaller than the CV gap. This difference might be caused by the 
solid-state effects. Although the CV measurements yield to the HOMO-LUMO gap of isolated 
molecules, the sum of Vth obtained from EDLTs reflects that of bulk single crystals. Moreover, 
in contrast to the CV gap, the sum of Vth is sight larger than the optical gap. This result may be 
due to the exciton binding energy, and the slope should reflect each molecule’s binding energy. 
 
Figure 4.12 The linear correlation between the Vth and the reported HOMO-LUMO gaps of CV 
and optical absorption. The figure was used with permission from: ref. 112, © 2012 Wiley. 
 
On the basis of these considerations, the interfacial band diagram (in the thermal equilibrium 
state) can be depicted by assuming the work function of Au, as shown in Fig. 4.13. Thus, the 
combination of EDLTs and organic single crystals offers a new approach to determine the 
material bandgap (HOMO-LUMO gap) as well as the interfacial electronic structures. 
 
Figure 4.13 The interfacial band diagram determined from pentacene and rubrene EDLTs. 
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4.2.4 Ionic liquids dependence 
  There are many studies of organic single crystal EDLTs based on ionic liquids (without 
gelation), and strong ionic-liquid-dependent carrier mobility has been reported.
137,138
 In order to 
evaluate the ionic liquid dependence in results of this thesis, Figure 4.14 represents the transfer 
characteristics of pentacene EDLTs with different types of ion gels. A clear difference can be 
observed for two ion gels. Moreover, Figure 4.15 directly plots a comparison of the mobility 
between ionic liquids and ion gels that has been scaled by capacitance. The obtained mobility of 
ion-gel-gated EDLTs is smaller than that of ionic-liquid-gated EDLTs. One possible reason for 
this mobility change is the effect of residual organic solvents, which may degrade the transistor 
channel at the single-crystal/ion-gel interface. To evaluate the interface condition, the 
subthreshold slope, S, is calculated approximately 50 – 80 mV/decade for fabricated pentacene 
and rubrene p-type EDLTs, resulting in an intrinsic S ranging from 270 to 370 V nF/decade cm
2
. 
The calculated intrinsic S value was one order of magnitude higher than those of the pentacene 
and rubrene single crystal transistors built on SiO2/Si substrates.
139,140
 This suggests the effect of 
residual organic solvents. Another possible reason for the decreased mobility in ion-gel-gated 
EDLTs may be due to the large contact resistance. As shown in Fig. 4.3, the source and drain 
electrodes are evaporated onto crystal surfaces. Although the single crystals are thin < 1 μm, 
intrinsic (undoped) organic materials are highly resistive, consequently resulting in a significant 
and large contact resistance. The extracted contact resistances estimated from the differential 
method range from 3.6 Ω·cm2 to 88 Ω·cm2 for rubrene p-type EDLTs, which is consistent with 
previous reports.
141-143
 Most importantly, the derived hole mobility eliminated the contact 
resistances was higher than that of ionic-liquid-gated EDLTs included its contact effects, 
indicating that the dominant factor of the mobility difference is the contact resistance. 
 
Figure 4.14 The ionic-liquid dependence of transfer characteristics for a pentacene single crystal 
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EDLT. The figure was used with permission from: ref. 112, © 2012 Wiley. 
 
 
Figure 4.15 The capacitance dependence of carrier mobility for ionic-liquid-gated and 
ion-gel-gated EDLTs. The figure was used with permission from: ref. 112, © 2012 Wiley. 
 
Considering the origin of the ionic-liquid dependence, a strong inverse dependence of the 
carrier mobility on the dielectric constant was found for both conventional oxide-gated FETs
144
 
and electrolyte-gated EDLTs,
137,138
 meaning that a larger capacitance commonly leads to a 
smaller mobility. Although the polarizable nature of dielectrics may play a dominant role in the 
mobility change, the detailed ion arrangement and/or the distance between the ions and the 
carriers have been regarded as additional factors for the variation in mobility.
137,138
 The 
fabricated p- and n-type single crystal EDLTs enabled us to study the transport properties of 
both holes and electrons using the same material. As indicated in Fig. 4.15, steeper capacitance 
dependence for lower mobilities was observed, suggesting that the carrier localization effect 
from dielectric materials depends on the nature of the carriers. In a high mobility regime where 
the material may exhibit relatively band-like transport, the effect from dielectric materials is 
smaller than in a low mobility regime which typically exhibits hopping transport. These 
mobility differences might be explained by the polaronic nature of the carriers in organic 
materials, and provide a challenging subject for further experimental and theoretical 
investigations in terms of carrier dynamics that are strongly coupled with dielectric materials. 
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4.3 Monolayer TMDC EDLTs 
 
4.3.1 Transistor properties of large-area monolayers 
  The ion-gel-gated EDLTs were fabricated with CVD-grown MoS2, MoSe2, WS2, and WSe2 
monolayers on sapphire substrates.
39,110,111
 Figure 4.16 exhibits the transfer characteristics of 
fabricated monolayer TMDC EDLTs. Importantly, as described in chapter 3.2.2, the transfer 
curve is displayed against the reference voltage, VR, which directly reflects the potential 
contributing to the Fermi level shift. Monolayer MoS2 exhibited electron transport, on the other 
hand, monolayer MoSe2, WS2, and WSe2 exhibited ambipolar transport. Because it is assumed 
that the vacancy of S atoms in MoS2 cause unintentional doping, the Fermi level pinning near 
the conduction band crucially limits the polarity control in MoS2 transistors, i.e., it requires a 
large voltage application to shift the Fermi level to the valence band edge.
95,96
 It should be noted 
that although it is hard to obtain hole transport in MoS2, it can be achieved when a higher VR 
over 4 V is applied. This is above the electrochemical window of the ionic liquid, therefore, a 
large leakage current is induced by the electrochemical reaction and degrades the device 
stability. This can possibly be solved by introducing an electrolyte with a wider electrochemical 
window and/or performing measurements at lower temperatures to reduce the reaction.
145
 Most 
importantly, various polarity controls and high on/off ratios up to 10
6
 were achieved with a low 
Vth of < 3 V in CVD-grown TMDC monolayer series. 
 
Figure 4.16 The transfer characteristics of CVD-grown monolayer TMDC EDLTs. 
 
One of the biggest advantages of using CVD-grown monolayers are their scalability and 
reproducibility for device applications. In this regard, the uniformity test in synthesized films is 
an important evaluation. Therefore, several EDLTs were fabricated on the same sapphire 
substrate with as-grown WSe2 films at positions separated by 1 cm, as shown in Fig. 4.17(a).
111
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In particular, the direction of separated position is parallel to that of the carrier gas flow, which 
is the same direction as the film growth. This evaluation was performed for three different 
substrates with different ratios of channel length and width. Comparing the transfer 
characteristics of Fig. 4.17(b), there are no serious degradations or differences in the operation 
of the two devices on each wafer. Furthermore, Figure 4.18 presents the same examination for 
CVD-grown MoS2 monolayers. Similar to the WSe2, the results prove that the wafer maintained 
stable electrical performance with a 1 cm separation, which support the uniformity and good 
reproducibility of the CVD-grown monolayer films. 
 
Figure 4.17 (a) Uniformity test of a WSe2 wafer. (b) The transfer curves of three different wafers. 
The figures were used with permission from: ref. 111, © 2014 American Chemical Society. 
 
 
Figure 4.18 (a) Uniformity test of CVD-grown MoS2 monolayers. (b) The transfer curves of 4 
devices fabricated on the same wafer. 
 
4.3.2 Band filling in the two-dimensional (2D) band 
  To determine the field effect mobility, impedance measurements were performed. In the 
initial step, the frequency dependence of the specific capacitance and the phase angle at a DC 
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voltage of 0 V were examined. As a result, the phase angle becomes approximately -90º at a 
frequency of 10 Hz, corresponding to a purely capacitive response. For the DC voltage 
dependence of the capacitance measurement, the frequency was set to 10 Hz with an AC voltage 
amplitude of 5 mV. It should be noted that the phase angle of the measured specific capacitance 
remains over -80º to precisely extract the capacitance at each DC voltage. 
  Figure 4.19 shows the results for the specific capacitance measured at various VR in 
monolayer WSe2 EDLTs.
111
 The dependence of the capacitance on VR exhibits a step 
function-like behavior for both p- and n-channel transports. This observation can be explained 
by the competition of both geometrical and quantum capacitances. Owing to the high ionic 
concentration of ion gels and the atomically flat large specific surface area of monolayer WSe2, 
the measured capacitance has two major contributions: the geometrical capacitance, Cg, derived 
from the EDL formed on the WSe2/ion-gel interface and the quantum capacitance, Cq, with 
these two capacitors connected in series. The measured capacitance is dominated by Cq when VR 
is inside the band gap energy of monolayer WSe2, whereas the capacitance is governed by Cg 
when VR is outside the material bandgap. Importantly, the effect of in-gap states, such as traps 
and impurities, is negligible due to the large Cg of the EDLTs, as discussed in the previous 
chapter.
112
 Therefore, this VR-dependent capacitance shape directly reflects the band filling in 
2D DOS. On the basis of this consideration, the band gap of monolayer WSe2 can be principally 
revealed to be the voltage difference between the thresholds in the p-channel (~0.82 V) and the 
n-channel (~0.80 V), and the sum of them is 1.62 V. This value is in reasonable agreement with 
the bandgap energy of ~1.65 eV of monolayer WSe2.
115
 
 
Figure 4.19 The voltage-dependent capacitance profile for a monolayer WSe2 EDLT. The figure 
was used with permission from: ref. 111, © 2014 American Chemical Society. 
 
  This voltage-dependent capacitance measurement was performed in all 4 materials: MoS2, 
MoSe2, WS2, and WSe2. A comparison between the optical characterizations including the PL, 
absorption, and capacitance measurements is shown in Fig. 4.20. Although the resulting 
bandgap between the optical (Fig. 4.20(a)) and electrical (Fig. 4.20(b)) estimations for WSe2 
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and MoSe2 are mostly consistent, WS2 had a larger bandgap estimated from the capacitance 
results. Interestingly, the capacitance showed a specific increase inside in the bandgap and a 
gradual increase of the offset for the conduction band filling. This behavior suggests the 
existence of in-gap states which may be arising from defects/impurities of S atoms. Even though 
EDLTs have high specific capacitances and are able to fill in-gap states with relatively small 
voltages, the large trap densities could cause additional voltage consumption for band filling, 
resulting in inconsistency of the estimated bandgap between the optical and electrical results. 
This argument is more visible for the results of monolayer MoS2. The capacitance 
measurements revealed that monolayer MoS2 EDLTs have a higher capacitance offset inside the 
bandgap and that it is difficult to induce hole transport. This means that significant unintentional 
electron donors are implanted in MoS2 and they generate a high density of in-gap states, as 
suggested in previous research.
95,96
 Therefore, the voltage-dependent capacitance measurements 
in EDLTs can directly reflect the material electronic structure and reveal its bandgap with the 
effect of in-gap states. The estimation of bandgap by using TMDC EDLTs was also recently 
realized in mechanically exfoliated samples.
113,145
 
 
Figure 4.20 (a) The optical absorption and PL characterizations for CVD-grown monolayer 
MoS2, MoSe2, WS2, and WSe2. (b) The results of voltage-dependent capacitance measurements 
for each material. 
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4.3.3 Mobility of atomically thin TMDCs 
  Based on the capacitance measurements, the field effect mobility can be calculated by using 
the standard formula for the linear region, μ = (L/WCiVD)·(dID/dVR), where μ is the field effect 
mobility and Ci is the measured specific capacitance of the ion gels. Figure 4.21 indicates the 
sheet conductivity, σ2D, measured specific capacitance, and calculated carrier mobility, μ, for 
both p- and n-channels plotted against VR. The highest hole carrier mobility was up to 90 
cm
2
/Vs and 7 cm
2
/Vs for the electrons. Because the effective mass of the holes and electrons in 
the WSe2 was estimated to be similar, the observed high ratio of mobility difference between the 
holes and electrons may be related to their significantly different cross sections for scattering 
with charged impurities generated by the substrate or the growth process.
111
 This mobility 
difference will be a topic of further investigation in the future. Most importantly, the obtained 
carrier mobility is strongly dependent on VR. This implies that the mobilities are influenced by 
impurity scattering and/or shallow traps at the band edge; therefore, the high mobilities are a 
result of the fact that the EDLTs are able to suppress those effects via continuous band filling. 
Moreover, enhanced hole mobility over 100 cm
2
/Vs was also realized by Au decoration on 
WSe2 surfaces as an p-doping technique, in which the electron transfers from the WSe2 to the 
gold that decorates on the WSe2 surfaces.
146
 
 
Figure 4.21 The VR-dependent sheet conductivity, carrier mobility, and capacitance for a 
monolayer WSe2 EDLT. The figures were used with permission from: ref. 111, © 2014 
American Chemical Society. 
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These electrical transport characterizations were performed for all CVD-grown monolayers, 
and their mobilities are summarized in Table V. Importantly, monolayer MoS2 showed high 
electron mobility up to 30 cm
2
/Vs, whereas WSe2 recorded high hole mobility. Although the 
mobilities in WS2 showed relatively lower values, this difference may be due to the quality of 
the growth technique. As described in Fig. 4.20, monolayer WS2 implies there are significant 
in-gap states originating from defects and/or impurities, which possibly results in the decreased 
mobility.  
 
Mobility (cm
2
/Vs) MoS2 MoSe2 WS2 WSe2 
Hole - ~ 15 ~ 2 ~ 100 
Electron ~ 30 ~ 25 ~ 10 ~ 15 
Table V Summary of mobilities in CVD-grown TMDC monolayers. 
 
  Interestingly, high electron mobility was achieved in CVD-grown tri-layer MoS2 films. 
Figure 22 indicates the sheet conductivity, specific capacitance, and electron mobility for an 
n-channel tri-layer MoS2 EDLT. The mobility resulted in 60 cm
2
/Vs, which is one of the highest 
mobilities recorded in CVD-grown MoS2 thin films at room temperature. This suggests an 
interesting subject for further optimizations and investigations of transport properties of 
polycrystalline TMDC films.
49,147-152
 However, the tri-layer MoS2 EDLT exhibited an on/off 
ratio of 10
4
 that was lower than that of monolayer MoS2 (Fig. 4.16). The lower on/off ratio in 
tri-layer MoS2 suggests the influence of higher donor concentration, which leads to a higher 
off-state current. The thicker geometry of the tri-layer films is also inferior to gate control of the 
entire channel thickness because of the screening of the electric field. The insufficiency of the 
depletion of donor carriers might cause the higher off-state current and the lower current 
modulation. 
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Figure 4.22 The transistor properties for a CVD-grown tri-layer MoS2 EDLT. 
 
4.3.4 Temperature dependence 
Realizing high mobility in CVD-grown polycrystalline films offers a considerable amount of 
interest to investigate the carrier transport properties. First, in order to gain detailed insight into 
tri-layer MoS2 thin films, as shown in Fig. 4.23(a), the temperature dependence of the on-state 
and off-state ID was evaluated by varying the gate voltage. In the high resistive off state (VG = 
0.1 V), ID decreased with temperature. This behavior indicates typical thermally activated 
behavior, which is commonly observed in semiconductors and insulators. To estimate the 
activation energy, Figure 4.23(b) exhibits the Arrhenius plot. The transport mechanism in the off 
state involves thermal activity because the activation energy can be estimated to 0.13 eV for the 
electron carriers. This energy is much smaller than the bandgap of MoS2. Thus, the obtained 
activation energy may correspond to the depth of the donor levels originating from the 
vacancies of the S atoms. In sharp contrast to the off-state insulating behavior, metallic behavior 
was observed in the on-state (VG = 2.0 V) ID with decreasing temperature, i.e. ID was inversely 
proportional to the temperature (Fig. 4.23(a)). These results indicate that electrically-induced 
metal-insulator transition (MIT) was clearly demonstrated.
153
 EDLT-controlled MIT has already 
been reported in mechanically exfoliated single crystalline MoS2.
97,98
 The similarity between the 
single crystalline samples and the CVD-grown films indicates the high quality of the 
polycrystalline films. In addition, the band transport in the CVD-grown films also suggests the 
limited influence of the domain boundaries on the carrier transport. 
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Figure 4.23 (a) The temperature dependence of the drain current in tri-layer MoS2 EDLTs. (b) 
The Arrhenius plot in the off-state. The figures were used with permission from: ref. 153, © 
2012 American Chemical Society. 
 
  Although MIT was observed in the tri-layer MoS2 EDLTs, the measured temperature range 
was above 220 K. To further evaluate the transport properties, measurement at lower 
temperatures is required. In addition, the results in Fig. 4.23 were obtained by two-terminal 
measurements, which include the effect of contact resistance. Therefore, introducing 
four-terminal EDLT structures is necessary to perform accurate temperature dependent 
measurements of conductivity (or resistivity). Moreover, the phase transition in CVD-grown 
polycrystalline monolayers has not yet been realized because it is commonly difficult to attain 
high mobility in polycrystalline monolayer samples, resulting in a limited understanding of its 
transport properties. By considering these obstacles, as shown in Fig. 4.24(a), four-terminal 
monolayer MoS2 EDLT configurations with side-gate electrode were designed for low 
temperature measurements. Importantly, another type of ionic liquid, [DEME][TFSI], that has a 
lower glass transition temperature and a polymer, P(VDF-HFP), that can make thinner and rigid 
gel films, were introduced to do stable electrical measurements at low temperature (Fig. 4.24(b)). 
The gate voltage was applied at 220 K to avoid an electrochemical reaction. A side-gate 
structure with thinner rigid gel films prevented the device from being mechanically damaged by 
cooling. 
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Figure 4.24 Optical image and a schematic depiction of (a) four-terminal monolayer MoS2 
EDLT configurations and (b) a device covered by ion gels whose structure is composed of ionic 
liquid and polymer. 
 
  Figure 4.25(a) displays the temperature dependent sheet resistance with different applied gate 
voltages recorded in a monolayer MoS2 EDLT. Similar to Fig. 4.23, in the regime where the 
applied gate voltage was relatively smaller, the transport was dominated by thermally activated 
behavior. On the other hand, when the sheet resistance became lower than the quantum 
resistance, clear metallic transport was observed as well as tri-layer MoS2. Interestingly, this 
metallic transport remained to 1.5 K without an anomalous resistance increase, supporting the 
excellent transport properties of CVD-grown polycrystalline monolayers. In order to understand 
the origin of this MIT, a Hall effect measurement was performed at low temperature. Using 
another set of monolayer MoS2 EDLTs, Figure 4.25(b) indicates the relationship between the 
Hall resistance and the applied magnetic field measured at 1.5 K. The sheet carrier density can 
be calculated as 1.3 x 10
14
 /cm
2
 by linear fitting of Fig. 4.25(b). Therefore, the high carrier 
density accumulation above 10
14
 /cm
2
 originating from the EDLs induced the MIT, which 
enabled the filling of the trap densities and suppressed the impurity scattering. A 
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superconductivity transition in the polycrystalline monolayers could also be expected, providing 
a challenging subject for the future. Importantly, these excellent transport properties in 
large-area monolayer films prove a significant advantage for using MoS2 monolayers in 
integrated circuits and large-area device applications.  
 
Figure 4.25 (a) The temperature dependence of resistance in a monolayer MoS2 EDLT. The 
dotted line indicates the quantum resistance. (b) The results for Hall effect measurements. 
 
4.4 Conclusion 
 
  In this chapter, the operation mechanism, advantageous physical properties, and applicability 
of EDLTs were described. In first half of chapter, the fabrication process of ion-gel-gated 
EDLTs with molecularly flat ion-gel films were optimized, which consequently attained 
producing the ambipolar organic single crystal EDLTs. By considering the high specific 
capacitance and analyzing the transfer characteristics of the EDLTs, the threshold voltages of p- 
and n-type EDLTs revealed information related to the material bandgap (or HOMO-LUMO 
gap) energy. These results offer a new approach for investigating the interfacial electronic 
structure of materials. The ionic-liquid-dependence evaluation also revealed that the capacitance 
value plays a key role in optimizing the performance of EDLTs. 
  In the last half of the chapter, ion-gel-gated EDLTs were applied to CVD-grown TMDC 
monolayers. Because of the high specific capacitance of the EDLTs, the fabricated monolayer 
TMDC EDLTs achieved high performance such as high mobility up to 100 cm
2
/Vs, a high 
on/off ratio of 10
6
, and a low threshold voltage of < 3 V for polarity control. In addition, the 
high carrier density accumulation of EDLTs enabled tuning of the electronic phase of 
CVD-grown TMDC tri- and monolayer films from insulating to metallic conduction, revealing 
the superior carrier transport ability of polycrystalline films for device applications. 
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Chapter 5 Flexible and stretchable TMDC EDLTs 
 
5.1 Introduction 
 
Monolayer TMDCs have attracted much attention because of their large bandgaps ranging 
from 1 eV to 2 eV and atomically thin thicknesses of < 1 nm, and their promise as 
semiconducting materials for next-generation functional electronic devices.
14,50,51
 For example, 
mechanically exfoliated monolayer WSe2 transistors have recently exhibited electron and hole 
mobilities of > 100 cm
2
/Vs.
154-156
 In addition to high mobility, the ultra-thin bodies of TMDC 
monolayers ensure an ultimately thin transistor active channel, which enables more efficient 
electrostatic control than bulk materials and results in a high on/off ratio of > 10
6
 and a low 
subthreshold swing S of 60 mV/dec. The on/off ratio and S are critical parameters for the 
off-state voltage and the voltage gain of complementary metal-oxide-semiconductor (CMOS) 
inverters. In this regard, 2D TMDCs are one of the best candidates for low-power logic 
electronics.
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Although p- and/or n-type transistors have been demonstrated in mechanically exfoliated 
TMDC monolayers, it is difficult to apply these devices to CMOS inverters. In principle, a 
CMOS inverter requires a combination of p-type transistors and n-type transistors, thus, 
reproducible transistor fabrication is crucial for realizing complementary devices. However, this 
limitation is almost impossible for mechanically exfoliated samples to overcome. Consequently, 
the switching performance of reported CMOS inverters is still limited. Moreover, the results of 
current CMOS inverters involves lower voltage gains of < 30 and/or high off-state voltages, 
leading to large power consumption.
157,158 
Furthermore, although CMOS inverters with low 
power consumption have been recently demonstrated, the typical film size of mechanically 
exfoliated samples is less than 10 μm2, which is not suitable for future scalable integration.159 
Considering these obstacles, wafer-scale uniform monolayer TMDC films are necessary for 
fabricating CMOS circuits. As mentioned in chapter 4, the CVD method enables the synthesis 
of various large-area TMDC monolayer films and fabrication of EDLTs, which results in a 
tuning of the transistor polarity between p-type and n-type with high mobility (~100 cm
2
/Vs), a 
high on/off ratio (~10
6
), and a low S (~60 mV/dec), as well as mechanically exfoliated 
samples.
110,111,146
 Therefore, CVD-grown TMDC EDLTs provide the ability to fabricate CMOS 
inverters with superior voltage gain and low-power consumption. 
In addition to the efficient electrostatic control, the atomically thin thickness of TMDC 
monolayers is directly linked to the material flexibility and stretchability because of the reduced 
deformation under mechanical bending and/or rolling.
28
 In general, CVD-grown TMDC films 
can be transferred onto arbitrary substrates; such transferability onto flexible substrates is a 
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requirement for flexible devices. Importantly, the electrolytes are intrinsically deformable 
because of their self-assembled layer-structure formation, which provides flexible dielectric 
layers.
29,79
 However, despite recent advances in 2D TMDC transistors, the fabrication of flexible 
logic circuits is limited to resistor-loaded inverters of mechanically exfoliated MoS2 samples.
160
 
For further advance of the use of 2D TMDCs, realizing flexible CMOS inverters using EDLTs 
of CVD-grown large-area TMDC monolayers should be addressed. 
In this chapter, CMOS inverters with large-area TMDC monolayers synthesized by CVD 
methods are demonstrated. In particular, by combining p-type WSe2 and n-type MoS2 
ion-gel-gated EDLTs, CMOS inverters with the highest voltage gain among 2D materials, with a 
negligible off-state voltage, a large total noise margin, low power consumption, and good 
switching speed are successfully realized. Furthermore, a film transfer process of CVD-grown 
films is established to assemble TMDC transistors and inverters onto deformable substrates. In 
this transfer process, an accordion-structured film can be obtained, which consequently results 
in highly flexible and stretchable transistors. Finally, complementary inverters are constructed 
on plastic substrates to evaluate their bendability. The inverters on flexible substrates exhibit 
stable operation, even when the devices are bent to a curvature radius of 0.5 mm, thereby 
demonstrating highly flexible CMOS inverters using large-area TMDCs. 
It should be noted that the contents of chapter 5 are based on the following published papers: 
・J. Pu et al., Nano Lett. 12, 4013-4017 (2012) 
・J. Pu et al., Appl. Phys. Lett. 103, 023505 (2013) 
・J. Pu et al., Adv. Mater. 28, 4111-4119 (2016) 
 
5.2 TMDC complementary-metal-oxide-semiconductor inverters 
 
5.2.1 Complementary inverters of CVD-grown monolayers 
As the first step, a quasi-CMOS inverter, in which two ambipolar WSe2 EDLTs were 
connected in-series, was fabricated.
161
 Figure 5.1(a) shows a schematic of the device 
configuration and optical images of EDLTs on sapphire substrates. Two WSe2 EDLTs with 
top-gate structures were constructed on cm-scale as-grown monolayer films, which were 
optically and spectroscopically characterized as described in chapter 3. Figure 5.1(b) presents 
the transfer characteristics of two WSe2 EDLTs assembled on the same monolayer film. Similar 
ambipolar transport for two distinct WSe2 EDLTs on the same film can be observed, indicating 
adequate uniformity for scalable device integration (as evaluated by Figs. 3.10 and 4.17). The 
on/off ratio of the two fabricated WSe2 EDLTs exceeded 10
5
 in both hole and electron transports. 
The field effect mobility can be calculated as 55 cm
2
/Vs for holes and 13 cm
2
/Vs for electrons, 
respectively, based on the impedance measurements. The S was estimated as 70 mV/dec for the 
55 
 
p-channel and 130 mV/dec for n-channel transport. Owing to the atomically thin geometry, the 
total amount of trap states inside the accumulation and inversion layers is much smaller than in 
the bulk. In addition, due to the high specific capacitance of EDLs, EDLTs can fill the traps with 
small voltages, yielding a lower S that is close to the theoretical limit of 60 mV/dec. These 
excellent switching abilities enable the CMOS inverters to achieve a superior voltage gain. The 
difference of mobility and S between hole and electron transport can be explained by the 
difference of interface trap density. The general expression of S is given by: 
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where Cs is the capacitance of the WSe2 conducting channel and Cit = qDit is the capacitance 
derived from the interface trap density Dit. Using equation (5.1) and the obtained S value, Dit 
was calculated to be ~ 6.4 × 10
12
 /eVcm
2
 for holes and ~ 2.8 × 10
13
 /eVcm
2
 for electrons. The Dit 
of electrons is approximately 5 times higher than that of holes, which may be due to the vacancy 
of Se sites. 
 
Figure 5.1 (a) Schematic depiction of the monolayer TMDC EDLTs, the triblock copolymer and 
the ionic liquid. The optical image shows the EDLTs built on a sapphire substrate. (b) Transfer 
characteristics of the two different monolayer WSe2 EDLTs assembled on one cm-scale 
monolayer film. The black dotted line indicates the S of each device. The figures were adopted 
with permission from: ref. 161, © 2016 Wiley. 
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After fabricating two ambipolar EDLTs on the same WSe2 monolayer film, a quasi-CMOS 
inverter was demonstrated using the circuit diagram shown in the inset of Fig. 5.2(a). Figure 
5.2(a) exhibits the input voltage (Vin) dependence on the output voltage (Vout). When Vin is low 
(logic “0”), Vout is equal to the supply voltage Vdd (logic “1”). In contrast, when Vin is triggered 
up to a higher voltage (logic “1”), Vout becomes small (logic “0”), which results in a logic 
inversion. In particular, the fabricated WSe2 quasi-CMOS inverter showed sharp logic inversion 
at different values of Vdd. The voltage gain profile, dVout/dVin, is plotted in Fig. 5.2(d). A high 
gain of 80 was achieved; this is better than previously reported results (gain < 30).
157,158
 
However, a high off-state voltage still remained, which is similar to previously reported WSe2 
CMOS inverters.
157
 This result is due to the large leakage current from an incompletely inverted 
transistor. In ideal CMOS inverters, when one transistor turns on, the other should be in the 
completely off state. On the other hand, in a quasi-CMOS inverter, when Vin is larger than the 
threshold voltage of one transistor, this transistor cannot be switched off completely during the 
on-state of the other transistor. Besides the large leakage current, a high off-stage voltage is also 
inferior in terms of the noise margin, which is another crucial parameter to evaluate inverter 
properties. The noise margin determines the stability of Vout against the signal interference at Vin. 
Figure 5.2(a) displays the definition of the highest input voltage (VIH), the highest output voltage 
(VOH), the lowest input voltage (VIL), and the lowest output voltage (VOL), respectively. The high 
noise margin NMH is defined as NMH = VOH - VIH, and the low noise margin is NML = VIL - VOL. 
On the basis of these definitions, the ideal NMH and NML are 0.5 Vdd, i.e. the ideal ratio of the 
total noise margin should be 100%. In WSe2 quasi-CMOS inverters, the maximum NMH and 
NML were 0.42 Vdd and 0.38 Vdd (the total margin is 80%) at a Vdd of 2.8 V. The power 
consumption of these devices was up to several tens of μW due to the high off-stage voltage. To 
overcome this high off, realizing a CMOS inverter with p- and n-type transistors is required. 
 
Figure 5.2 (a) The Vin - Vout transfer characteristics of WSe2 quasi-CMOS inverters at a Vdd of 
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2.4 V and 2.8 V, respectively. The dotted lines indicate the definitions of VIH, VOH, VIL, and VOL. 
The inset shows the equivalent circuit diagram, in which two ambipolar WSe2 EDLTs are 
connected in series. (b) The voltage gain profile as a function of Vin. The maximum gain reaches 
80 at a Vdd of 2.8 V. The figures were used with permission from: ref. 161, © 2016 Wiley. 
 
5.2.2 High-gain monolayer complementary inverters 
  As shown in Fig. 5.1(a), the performance of p-type monolayer WSe2 EDLTs is better than the 
n-type. Therefore, a WSe2 EDLT is suitable to use as the p-type transistor. As an n-type TMDC 
EDLT, MoS2 monolayer films should be the best choice because monolayer MoS2 is commonly 
regarded as an n-type 2D material, and MoS2 EDLTs can be fabricated on CVD-grown cm-scale 
monolayer films. Figure 5.3(a) indicates n-type behavior in fabricated MoS2 EDLTs with an 
on/off ratio of 10
5
 and electron mobility of 30 cm
2
/Vs. In particular, the S of monolayer MoS2 is 
80 mV/dec, which is much smaller than that of the electron transport of WSe2 (130 mV/dec). 
Therefore, by combining WSe2 EDLTs and MoS2 EDLTs, WSe2 - MoS2 CMOS inverters may 
offer better inverter performance than WSe2 quasi-CMOS inverters. For example, they may 
offer a lower off-state voltage, a smaller threshold for logic inversion, and a higher voltage gain. 
As shown in the circuit diagram of Fig. 5.3(b), WSe2 - MoS2 CMOS inverters have been 
demonstrated.
161
 It should be noted that the inverter is fabricated by wiring the respective WSe2 
and MoS2 EDLTs on different substrates. 
 
Figure 5.3 (a) Transfer characteristics of the monolayer WSe2 EDLTs (gray) and monolayer 
MoS2 EDLTs (green). The S of the n-channel MoS2 EDLTs is indicated by the black line. (b) 
The equivalent circuit diagram of a WSe2 – MoS2 CMOS inverter. Monolayer WSe2 is used in a 
p-channel transistor and monolayer MoS2 is used in an n-channel transistor. The figures were 
used with permission from: ref. 161, © 2016 Wiley. 
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As revealed in Fig. 5.4(a), clear logic inversion with a logic swing ~ 99% was observed. In 
stark contrast to WSe2 quasi-CMOS inverters (Fig. 5.2), the fabricated WSe2 - MoS2 CMOS 
inverter exhibited a negligible off-state voltage. Moreover, Figure 5.4(b) shows the gain profile 
and indicates that the maximum voltage gain reaches 110 at a Vdd of 2.0 V, which is the highest 
inverter gain among atomically-thin-material-based inverters.
54-56,111,157-169
 In order to understand 
the high performance of WSe2 - MoS2 CMOS inverters, the maximum performance was 
simulated using the transfer characteristics of WSe2 and MoS2 EDLTs (Fig. 5.5). As a result, the 
logic operations and high gain up to 100 can be explained by the performance of these 
transistors. The difference between the simulated results (Fig. 5.5, gain ~100) and the 
experimental observation (Fig. 5.4, gain ~110) can be understood by the slight shift of the 
turn-on and threshold voltages because of environmental effects and/or bias stress. The 
improvement of the voltage gain and off-stage voltage also lead to a large noise margin. The 
NMH and NML of WSe2 - MoS2 CMOS inverters resulted in 0.42 Vdd and 0.48 Vdd, respectively, 
and the total margin reached 90%. To evaluate the noise margin, Vin was accordingly shifted to 
make a symmetric structure with Vout.
158
 Therefore, CVD-grown TMDC monolayers are 
promising materials for use in low-power logic circuits. 
 
Figure 5.4 (a) The Vin - Vout characteristics of a fabricated WSe2 - MoS2 CMOS inverter at an 
applied Vdd of 2.0 V. (b) The voltage gain is plotted against Vin. The maximum gain reaches 110 
with negligible off-state voltage. The figures were used with permission from: ref. 161, © 2016 
Wiley. 
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Figure 5.5 Vout can be calculated by the following equation: Vout = {(R2D,n-channel / (R2D,n-channel + 
R2D,p-channel)}Vdd, where R2D denotes the sheet resistance. Next, the voltage gain is calculated by 
dVout/dVin. Note that the Vin of both WSe2 and MoS2 transfer curves is accordingly shifted by 
increasing Vdd to optimize the gain value. The maximum gain can reach 100 based on the 
calculation, which is in good agreement with experimental results (~ 110). 
 
5.2.3 Optimization of inverter parameters 
  Although high-gain CMOS inverters based on CVD-grown TMDC monolayers were realized, 
it is important to properly optimize the inverter characteristics in order to address practical 
device applications. Therefore, another set of WSe2 - MoS2 monolayer CMOS inverters were 
prepared to investigate the inverter performance in terms of voltage gain, the noise margin, 
power consumption, and the switching speed. Figure 5.6(a) shows the Vin - Vout characteristics 
and the static power consumption with a Vdd from 0.1 V to 2.0 V. The inset illustrates the 
equivalent circuit diagram. The static power consumption, P(Vin), was calculated by P(Vin) = Vdd 
× Idd. Sharp logic inversion was observed and the power consumption showed typical peak 
behavior. Figure 5.6(b) shows a summary of the Vdd dependence on the voltage gain, the ratio of 
the total noise margin, and the static power consumption. Similar to the gain, the noise margin 
can be optimized by changing Vdd and results in a total margin over 95%, which is one of the 
largest noise margins without compromising high gain (> 60) among 
atomically-thin-material-based CMOS inverters.
157-161,166-169
 The power consumption is also well 
controlled, as shown in the bottom panel of Fig. 5.6(b). Although the power consumption 
requires a relatively large value of several μW to achieve a gain over 50, the ability of typical 
logic operations is maintained under varying Vdd of less than 0.1 V. For such low values of Vdd, 
the power consumption can be reduced to several tens of pW with a proper voltage gain of > 1. 
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As a result, low power consumption (less than 200 pW) was realized. This is close to the best 
reported values among TMDC inverters.
 157-161,166-169
 The performance of the fabricated CMOS 
inverters was slightly lower than that of recently demonstrated single-crystal-based devices.
159
 
However, it is common in semiconducting materials that the performance of polycrystalline 
samples is much lower than that of single-crystal-based devices. In this regard, the performance 
of CMOS inverters with polycrystalline p-type WSe2 and n-type MoS2 EDLTs achieves the 
switching performance as well as a single-crystal device; therefore, these devices are suitable 
for future applications due to their scalability and reproducibility.  
  Furthermore, in addition to static operation, the dynamic performance of realized CMOS 
inverters should be considered. Figures 5.6(c) and 5.6(d) display the dynamic response of the Vin 
(black) and Vout (red) of a CMOS inverter measured at a Vin of 100 Hz and with a 1 kHz square 
wave pulse. The high and low levels of the input square wave were set to 0 V and 2 V, 
respectively. Inverting behavior was clearly observed at 100 Hz. Also, obvious logic inversion 
can be obtained at 1 kHz, which indicates the switching speed of the fabricated CMOS inverter 
was more than 1 kHz. In particular, the switching speed of the fabricated devices is principally 
limited by the ion conductivity of the ion gels. The maximum responsible frequency, which is 
evaluated by impedance spectroscopy, was several kHz in the introduced top-gate structure. 
Importantly, this operation speed can be increased to the order of MHz by optimizing the device 
structure and the electrolytes according to theoretical and experimental predictions.
82-85
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Figure 5.6 (a) The Vin - Vout characteristics and static power consumption with Vdd supplied from 
0.1 V to 2.0 V. The inset shows the equivalent circuit diagram. (b) The voltage gain, the ratio of 
total noise margin, and the static power consumption are displayed as a function of Vdd. (c) The 
dynamic response of Vin (black) and Vout (red) of the fabricated CMOS inverter with a Vdd of 2.0 
V. The Vin is a 100 Hz square wave pulse. (d) Input (black) and output (red) signals measured 
with a Vdd of 2.0 V and a 1 kHz square wave pulse of Vin. The figures were used with permission 
from: ref. 161, © 2016 Wiley. 
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5.3 Flexible MoS2 transistors 
 
5.3.1 Solution-based transfer process 
  To fabricate the TMDC transistors and circuits on a deformable substrate, a transfer technique 
for the CVD-grown films from their as-grown sapphire substrates to arbitrary substrates was 
established.
170
 Figure 5.7 shows the procedure for the film transfer process using WSe2 
monolayer films that are transferred from the as-grown sapphire substrate onto the polyethylene 
naphthalate (PEN) substrate as an example. The transfer method is divided into five steps. First, 
a polymethyl methacrylate (PMMA) layer was spin-coated onto an as-grown WSe2 (or MoS2) 
film surface on the sapphire substrate, and baked at 373 K to serve as a supporting layer for the 
WSe2 film. Second, the sapphire substrate was etched for one day with hydrogen fluoride, HF, 
(Sigma Aldrich, 48 wt. % in H2O) to remove the PMMA/WSe2 layer from the sapphire substrate. 
It should be noted that a sodium hydroxide (NaOH) solution is introduce to perform this etching 
process for MoS2 films because MoS2 is easily dissolved by HF. Third, the PMMA/WSe2 layer 
was moved to deionized (DI) water for cleaning. Next, a plastic (PEN) substrate was immersed 
in the DI water to pick up the removed PMMA/WSe2 film. Finally, the PMMA layer was 
removed, the film surface was cleaned by acetone and isopropanol (IPA), and the transferred 
WSe2 film on the PEN substrate was annealed on a hotplate at 343 K for 1h. 
 
Figure 5.7 Transfer process of the CVD-grown monolayer WSe2 (or MoS2) films from the 
as-grown sapphire substrate to the plastic (ex. PEN) substrate. 
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5.3.2 Transistor properties on plastics 
Using this transfer process, the CVD-grown MoS2 thin (tri-layer) films were transferred onto 
a polyimide substrate to investigate the potential of TMDCs for use in flexible electronics.
153
 
Figure 5.8(a) shows a schematic depiction of the device structure. A MoS2 EDLT was 
constructed on a thin polyimide substrate with a thickness of 12.5 μm. Au with Ni adhesion 
layers (50 nm/2 nm) were thermally deposited on top of the transferred MoS2 films as the source 
and drain electrode. The ion gel film was drop-cast onto the MoS2 film surface, and an Au foil 
(0.03 mm thick) was stacked on it as a top-gate electrode. Figure 5.8(b) indicates the transfer 
characteristics of fabricated MoS2 EDLTs on polyimide substrates. The on/off ratio reached 10
3
. 
Using the capacitance value of 4.67 μF/cm2 obtained by impedance spectroscopy on the 
polyimide substrate, the mobility was calculated up to 3 cm
2
/Vs. The obtained on/off ratio and 
the mobility are obviously degraded compared to the as-grown films, which suggests a substrate 
effect and/or an adverse effect originating from the film quality during transfer process. 
 
Figure 5.8 (a) Schematic depiction of a MoS2 EDLT built on a polyimide substrate. (b) Transfer 
characteristics of a transferred MoS2 EDLT. The figure was used with permission from: ref. 153, 
© 2012 American Chemical Society. 
 
To evaluate the mechanical flexibility of the fabricated device, the polyimide substrate was 
bent so that it was perpendicular to the direction of the ID.
153
 The in situ bending test was 
performed in a glove box using a home-built bending apparatus, as shown in Fig. 5.9. Figure 
5.10(a) shows the transfer curves of three bending conditions. Importantly, there was no obvious 
electrical degradation even when the device was flexed until the maximum bending condition 
(curvature radius, R, of 0.75 mm defined as in Fig. 5.9). Figure 5.10(b) displays the R 
dependence of the on current and the carrier mobility which is normalized by the initial value 
without bending. The variation of the on current and normalized mobility was within 10 %, thus, 
the MoS2 EDLTs exhibited extremely high flexibility. It is noted that such a high mechanical 
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flexibility (R of less than 1 mm) has only been reported for organic materials with well-designed 
device configurations.
171
 This result highlights one of the most flexible transistors among 
inorganic materials, including graphene, carbon nanotubes, and oxide 
semiconductors.
126,127,172-176
 
 
Figure 5.9 A custom bending apparatus for the flexibility test and its evaluation parameter. 
 
 
Figure 5.10 (a) Transfer characteristics of a MoS2 EDLT. The red, black dotted, and blue dotted 
lines indicate the transfer curve for an R of 0.75 mm and the transfer curves for before and after 
the bending test, respectively. (b) The R dependence of the ID at a VG of 1.5 V (red) and the 
normalized mobility (blue). The figures were used with permission from: ref. 153, © 2012 
American Chemical Society. 
 
One of the reasons for the ultrahigh flexibility of the CVD-grown MoS2 films is the stiff 
chemical bonds in the Mo-S networks.
26,27
 Most importantly, their atomic-scale thickness has 
advantageous flexible properties, as described in chapter 1.2.2. Another reason is the strong 
interaction among the MoS2 domains, which can be supported by the observation of band 
conduction from the transport measurements (Fig. 4.22). The flexible nature of ion gel films is 
also an advantage for flexible devices. The formation of EDLs is automatically organized by 
applying an electric field to the arbitral material surface (form). Therefore, ion gels are some of 
the best dielectric materials for use in flexible electronics.
29,79
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5.4 Stretchable MoS2 transistors 
 
5.4.1 Accordion-structured films 
Beyond flexible electronics, future electronics aim to create ubiquitous and ambient 
electronic systems, such as wearable computers and electronic skins. One of the key steps for 
this goal is the development of transistors that afford arbitrary form factors. In particular, the 
fabrication of transistors that can mechanically flex and stretch are essential for flexible and 
stretchable electronics.
176-185
 This goal requires semiconducting materials that are stable under 
high mechanical strains; however, conventional organic and inorganic semiconductors exhibit 
poor robustness and stretchability. The strains experienced by these materials during bending 
must remain below 1% to avoid inducing fracture and cracking. Therefore, the major challenge 
in this research field focuses on the realization of stretchable devices by designing highly 
unique approaches and systems that can release the substantial strain in the semiconductors 
themselves.
183,184
 For example, one typical approach in the fabrication of stretchable organic 
devices is to build isolated rigid areas on an elastic substrate (Fig.5.11(a)).
177-179
 These rigid 
islands are undeformable; thus, the transistors fabricated on these protected areas can avoid 
deformation when the whole substrate is stretched. Another effective method is the engineering 
of wave-like forms in device components, as show in Fig. 5.11(b).
176,180-182
 Accordion-type 
structural configurations can relax against applied tension, which allows induced strains to 
semiconductors within the limit of 1%. Although these approaches have made stretchable 
electronics possible, a simple device structure that is fully stretchable is desirable for realistic 
commercial applications. 
 
Fig. 5.11 (a) Schematics of (a) stretchable organic transistors built on an electric substrate (b) 
wavy form (bottom) and an SEM image of a fabricated accordion-structured Si thin film (Top). 
The figures were used with permission from: ref. 183, © 2011 Wiley; ref 184, © 2008 AAAS. 
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Following these strategies, graphene has been involved in creating simple and desirable 
geometries for stretchable devices.
127,186-188
 Because of its atomic thickness and large Young’s 
modulus, graphene can intentionally be formed into ripples or accordion structures on a film 
surface while being transferred as a film.
10
 The strain relaxation through the ripples allows the 
graphene films to stretch up to 20% strain, and graphene transistors fabricated on rubber 
substrates can operate at a mechanical strain of 5%.
127,186-188
 The beneficial properties of 
atomically thin materials offer advantageous candidates for use in stretchable electronics. In 
principle, the same strategy can be applied to TMDC films, which are more suitable for 
transistor applications due to the emerging bandgap. The development of the CVD method and 
the solution-based transfer technique for TMDC films enable the realization of MoS2 transistors 
on elastic substrates.
189
 As shown in Fig. 5.12, the accordion-structured CVD-grown MoS2 thin 
films were directly formed onto PDMS substrates in an analogy to graphene. Figure 5.12 
presents AFM images of the MoS2 films created with ripples through a transfer process from 
as-grown sapphire substrates to swellable poly(dimethylsiloxane) (PDMS) substrates, as 
described in Fig. 5.7. These ripples likely assist the MoS2 films by increasing their 
expandability due to the strain relaxation against mechanical stretching.
186-188
 
 
Figure 5.12 (a) An optical image of the channel region of a MoS2 film transferred onto a PDMS 
substrate. (b) A differential AFM image recorded on the surface of a transferred MoS2 film. (c) 
The AFM topography (left) and height profile (right) of the ripple structure on the MoS2 film 
surfaces. The figures were used with permission from: ref. 189, © 2013 AIP Publishing LLC. 
 
Although atomically thin MoS2 is a likely material for use in stretchable electronics, further 
investigation of the intrinsic effect of strain within the MoS2 crystal structure on electronic 
properties is essential for device application. Some groups have reported changes in the 
electronic properties of monolayer and bilayer MoS2 based on first-principle calculations.
190-194
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These studies predicted that the bandgap of MoS2 decreases with increasing strain and results in 
a semiconductor-metal transition that can be induced at a strain of 10%. To validate these 
theoretical predictions, some reports have experimentally measured the PL and absorption 
spectrum via strain in monolayer MoS2.
195,196
 These reports have investigated the influence of 
uniaxial tensile strain in the range from 0 % to 2 %. Consequently, a strain-induced redshift of 
the bandgap was observed, which is in agreement with the first-principle calculations. 
Meanwhile, stable operation without the degradation or transformation of the electronic 
properties under strain is a major requirement for stretchable devices. Therefore, the mechanical 
stability against the applied strain in transferred MoS2 films was investigated by measuring the 
Raman, absorption, and PL spectra under stretching.
189
 Figure 5.13 shows an optical image of a 
stretched MoS2 film. The film was directly stretched by applying a tensile load to the PDMS 
substrate. A clear expansion of the film length was observed, corresponding to the distance 
between the two film edges. Figure 5.14 shows the Raman, absorption, and PL spectra under 
strain application during this stretching condition. Each of the observed spectra remained 
unchanged under stretching, suggesting that the films were not deformed when the strain is 
larger than 5%. One of the possible origins is the strain relaxation in the rippled structure, which 
does not intrinsically affect the domains. Another possibility is strain relaxation in the domain 
boundaries, which is also suggested in the graphene films.
186-188
 Importantly, the spectroscopy 
and optical characterizations revealed that the transferred MoS2 films were stable against stain 
without electronic structure variation. 
 
Figure 5.13 Optical images of stretching MoS2 film. The top and bottom panel represents 
polycrystalline MoS2 films without and with strain, respectively. The bottom panel indicates a 
5% film-length expansion under tensile strain. The figure was used with permission from: ref. 
189, © 2013 AIP Publishing LLC. 
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Figure. 5.14 Optical and spectroscopic characterizations of MoS2 thin films on PDMS substrates. 
(a) Raman spectra of the MoS2 films under two strain conditions. (b) The absorption and (c) PL 
spectra are shown as a function of photon energy. The figures were used with permission from: 
ref. 189, © 2013 AIP Publishing LLC. 
 
5.4.2 Transistor properties on rubbers 
Based on the material and device strategies employed for stretchable electronics, as shown in 
Fig.5.15(a), MoS2 EDLTs were built on PDMS using ion gels as a gate dielectric. Figure 5.15(b) 
presents the transfer characteristics under four different tensile conditions and shows that the 
variation in ID is very small during stretching to values as great as 4% strain.
189
 In addition, 
transistor parameters such as the on current, the off current, the on/off ratio, the (normalized) 
electron mobility, and the measured capacitance were approximately constant even when the 
device was stretched up to values of 5% strain, which demonstrates the full stretchability of 
CVD-grown MoS2 TFTs (Figs. 5.15(c) and 5.15(d)). It should be noted that the resulting 
mobility of the devices on PDMS was in the range of 0.4 - 1.4 cm
2
/V·s, which is lower than that 
of as-grown MoS2 films on sapphire substrates. The decreased carrier mobilities of MoS2 
EDLTs on PDMS substrates may be attributed to impurity scattering by molecular species, such 
as chemicals contained in the PDMS porous network structure and/or contaminant materials 
from the solution-based transfer process.
153,170
 
Although a significant mobility decrease was observed at applied strains above 5%, as shown 
in Fig. 5.15(d), strain relaxation in the domain boundaries possibly initiated this degradation, as 
suggested in the case of graphene films.
186-188
 The transport properties are also recoverable after 
stretching and the mobility is reversible below 5% strain (Figs. 5.15(b) and 5.15(c)). These 
results indicate the potential of MoS2 films for stretchable electronics. Further improvements 
can be anticipated to obtain superb stretchability, such as the application of pre-strain to PDMS 
substrates before the film transfer process, which would result in larger elastic ripples. Moreover, 
the same strategy and fabrication process can be applied to other atomically thin TMDCs.
29
 The 
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material variety of TMDCs offers various transistor polarities, including p-type, n-type, and 
ambipolar transport, which enables the realization of complementary devices on arbitrary 
substrates by combining different TMDCs. 
 
Figure 5.15 (a) A schematic depiction and optical images of the MoS2 EDLTs fabricated on 
PDMS under uniaxial stretching. (b) The transfer characteristics of the MoS2 EDLTs. The red, 
orange, blue and green lines correspond to induced strains of 0, 3, and 4% and after stretching, 
respectively. (c) Top: the strain dependence of ID as a function of a VR of 1.6 V (red) and 0.3 V 
(blue). Bottom: the strain dependence of the on/off ratio (black). (d) Top: the normalized 
electron mobility at various strains (red). Bottom: the measured specific capacitance at various 
strains. The blue square in the top panel corresponds to the mobility after stretching at a 5% 
strain. The figures were used with permission from: ref. 189, © 2013 AIP Publishing LLC. 
 
The origin of the 5% stretchability recorded in the fabricated MoS2 EDLTs should be 
addressed. Because the Young’s modulus of MoS2 is comparable to that of steel,
26,27 
simple 
deformation of a MoS2 film might be difficult, which is similar to graphene films.
10
 In graphene 
films, it is thought that stretchability under relatively weak strain (< 5%) is due to a strain 
relaxation through ripples created during the growth and/or transfer process.
127 
As shown in Fig. 
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5.12, this relaxation mechanism can be also applicable to MoS2 films. As a result, we conclude 
that the relaxation of self-assembly-induced accordion structures (ripples) is the mechanism for 
the stretchability of transferred MoS2 films, as well as the case of graphene films. 
On the other hand, when the strain was larger than 5%, degradation in the transport properties 
(Fig. 5.15(d)) was observed. During the transistor experiments, a clear expansion of the channel 
length, as shown in Fig. 5.13, was confirmed; however, as shown in Fig. 5.14, the optical and 
spectroscopic characterizations indicate that there is no intrinsic deformation of MoS2 films. 
These contradictory results lead to the conclusion that the origin of the degradation of transport 
properties in CVD-grown MoS2 films is the strain relaxation in the domain boundaries (Fig. 
5.16). Although the stiff single-crystalline part of the CVD-grown MoS2 films is not sensitively 
deformed by the stretching, the softer domain boundaries change their bonding angles and 
distances, resulting in strain release. Because most of the CVD-grown MoS2 films are single 
crystalline, the effective area of the domain boundaries is very small. Therefore, the optical and 
spectroscopic characterizations were not able to detect the deformation of the boundaries. In 
contrast, because the undeformable single-crystalline part of the films is inevitably surrounded 
by the deformable boundaries, the carriers must cross them, and the transport properties are 
affected by strong stretching. This mechanism explains the strain dependence of polycrystalline 
CVD-grown atomically thin materials, such as graphene and MoS2 films. 
 
 
Figure 5.16 Schematic views of the stretching of a polycrystalline MoS2 film consisting of 
single-crystalline MoS2 domains. In relatively weak strain (< 5%), the applied strain is relaxed 
by the ripple structures. The domain boundaries play an important role in additional stretching. 
Because the stiff MoS2 single crystals are undeformable, the domain boundaries deform and 
relax the applied strain. The figure was used with permission from: ref. 189, © 2013 AIP 
Publishing LLC. 
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5.5 Highly flexible TMDC monolayer inverters 
 
Because the atomical thinness of TMDC monolayers is directly linked to device flexibility, 
flexible CMOS inverters were fabricated on plastic substrates. Following the established film 
transfer technique described in Fig. 5.7, CVD-grown WSe2 monolayer films were transferred 
onto polyimide substrates.
170
 Figure 5.17(a) shows the experimental procedures.
161
 
 
Figure 5.17 (a) Transferring procedures of WSe2 monolayers from the as-grown sapphire to a 
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polyimide substrate. (b) Schematic depiction and optical image of inverters built on the 
transferred WSe2 monolayers. (c) Transfer curves of two WSe2 EDLTs built on the same 
transferred monolayers. The black dotted line indicates the S of the hole and electron currents. 
(d) The Vin - Vout voltage transfer characteristics of the WSe2 inverters at different values of R 
bent down from flat (blue) to R of 0.5 mm (red). The purple and pink lines show the Vin - Vout 
curve measured at R values of 1.4 mm and 0.9 mm, respectively. (e) Voltage gain profile at 
different bending conditions. The figures were used with permission from: ref. 161, © 2016 
Wiley. 
 
Polyimide films were introduced because of their thermal stability compared to PEN 
substrates. In addition, because the induced strain in the sample during bending is proportional 
to the thickness of the substrate, very thin polyimide films with a thickness of 7.5 μm were 
selected for the flexible devices. After the film transfer process, the PMMA layer was dissolved 
by acetone and IPA washing (Fig. 5.17(a), step 3). Finally, the WSe2 film on the polyimide 
substrate was dried via heating on a hotplate at 343 K, and then moved to a vacuum chamber to 
anneal the films at a higher temperature (513 K) in vacuum (~ 10
-4
 Pa) for 10 h. This completely 
remove the surface adsorbates. This annealing process is considered to be the most important 
step for improving the device performance, and was not applicable to previous devices 
assembled on PEN substrates due to their thermal instability.
170
 
  As shown in Fig. 5.17(b), two ambipolar EDLTs were fabricated on a polyimide substrate by 
transferring WSe2 monolayer films for flexible quasi-CMOS inverters.
161
 Figure 5.17(c) shows 
the transfer characteristics of two WSe2 EDLTs. The ambipolar behavior was still observed in 
both devices and indicates the uniformity of transferred films. The maximum mobilities reached 
10 cm
2
/Vs for holes and 4 cm
2
/Vs for electrons. Both hole and electron mobilities were 
degraded compared with those of as-grown films; however, the transistor performance on the 
polyimide substrates was much higher than that on PEN substrates (maximum hole mobility of 
5.0 cm
2
/Vs and electron mobility of 0.37 cm
2
/Vs).
170
 In particular, the balanced mobility 
between the hole and electron transport is a major advantage for inverter fabrication. One 
possible reason for this mobility enhancement is the effect of annealing. Since a polyimide 
substrate is thermally stable enough to perform higher temperature annealing of the transferred 
films in vacuum. This annealing process might effectively reduce the amount of residues and/or 
contaminated materials accumulated through the transfer process, indicating that the surface 
properties of substrates are important for mobility improvement in flexible devices. 
  Figures 5.17(d) and 5.17(e) display the inverter characteristics and their gain profiles, 
revealing the logic inversion with an inverter gain greater than 25.
161
 NMH and NML result in 
0.4 Vdd and 0.22 Vdd, respectively, and the total margin reaches 62%. Importantly, this result is 
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the first demonstration of complementary inverters on flexible substrates using TMDC 
monolayers. In order to evaluate the flexibility, a bending test using a custom bending apparatus 
shown in Fig. 5.9 was performed in N2 atmosphere.
153
 A schematic of the bending condition is 
shown in Fig. 5.17(b). As shown in Figs. 5.17(d) and 5.17(e), no significant degradation in 
terms of the logic operation was observed in the transfer characteristics even when the devices 
were bent to an R of 0.5 mm. This indicates the high flexibility of the inverters. Moreover, the 
maximum voltage gain reached 30 without crucial degradation against the bending condition of 
R = 0.5 mm. The maximum induced strain at R = 0.5 mm was calculated as 0.75% from the 
thickness of the substrate (Fig. 1.5). The slight change of the gain value during mechanical 
bending might be caused by the reduction of surface ripples and wrinkles. As suggested in the 
MoS2 films, the transistor off-state is sensitive to deformation, and the small change could affect 
the S and inverter characteristics.
189
 Although the voltage gain (~30) of these flexible inverters is 
smaller than the maximum gain recorded on the rigid sapphire substrate (~110 indicated in Fig. 
5.4), it is explained by their higher S (~100 mV/dec). As mentioned above, the enhancement of 
S implies an increase in trap density. Therefore, the trap-density increase might be the reason for 
the performance degradation in flexible substrates. In fact, because the higher temperature 
device annealing process improved device performance, chemical residues are one of the 
possible causes of performance degradation. Moreover, the contamination of the materials and 
mechanical damage during the film transfer process could also degrade performance. Most 
importantly, the resulting inverter gain of 30 on flexible substrates is the highest gain among 
flexible inverters based on atomically thin materials.
160,197,198
 The combination of EDLTs and 
CVD-grown films provides outstanding advantages for exploring TMDC-based, large-area, 
flexible electronics. 
 
5.6 Toward large-area integrated circuits 
 
To evaluate the obtained results, the achieved gain values were compared with other results 
from the literature. Figure 5.18 shows a summary of Vdd versus the voltage gain for inverters 
based on atomically thin materials, including TMDCs, black phosphorene, and 
graphene.
54-56,111,157-169,197-209
 In particular, as shown in Fig. 5.18, TMDC-based inverters 
outperformed those using phosphorene and graphene.
197-209
 The obtained results, which are 
represented by the red stars in Fig. 5.18, far exceed the reported results. This indicates that 
fabricated inverters exhibit superior gain and a lower Vdd. The inverter gain recorded in this 
thesis was approximately 10 times higher than the maximum gain of graphene inverters and 
approximately 4 times higher than the present record among other TMDCs. Because the realized 
devices were built on large-area polycrystalline films, in addition to the high switching ability, 
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the results highlight the utility of TMDCs for large-area integration.
161
 It is noted that relatively 
high-gain (~ 60) inverters were realized by combining TMDCs and other materials, such as 
nanowires and organic polymers.
165-167
 This approach is advantageous for yielding a high gain 
because one can replace the poor TMDC n- or p-type transistors with a better material. In these 
hybrid inverters, however, the efficient electrostatic controllability due to the ultrathin feature of 
the TMDCs would be reduced; thus, these inverters typically required a higher supply voltage. 
Moreover, it should be emphasized that the performance of the fabricated WSe2 quasi-CMOS 
inverters on plastic substrates was the best among 2D material-based flexible inverters. The 
obtained inverter gain of 30 is approximately 3 times larger than that of previous reports of 
flexible resistor-loaded MoS2 inverters (gain of ~ 9).
160
 Furthermore, the minimum R of 0.5 mm 
provides the most robust results among low-dimensional materials. 
 
Figure 5.18 Summary of the reported atomically-thin-material based inverters.
54-56,111,157-169,197-209
 
Voltage gain vs. supply voltage is plotted with the literature results for TMDCs, black 
phosphorene, and graphene. Black diamonds, brown squares, and gray circles indicate inverters 
fabricated from various TMDCs, phosphorene, and graphene, respectively. The results of this 
thesis are represented by the red stars. The results for the flexible resistor-loaded MoS2 inverters 
are represented by blue diamonds. The figure was used with permission from: ref.161, © 2016 
Wiley. 
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Regarding further advances, the establishment of pattering techniques for ion gels and TMDC 
films is required for practical applications.
79,84,210
 The recent advances of printing techniques for 
ion gels offer the ability to integrate devices. Although the laterally grown heterojunction of p- 
and n-type atomically thin materials might be one possible approach for this issue, the growth of 
lateral heterojunctions with scalability, selectivity, and controllability remains a challenging 
topic of research.
169
 Polarity control by chemical doping is another possibility, and it is needed 
to examine whether the method is effective in polycrystalline films with domain boundaries. To 
solve this problem, transferring and pattering different materials on the same substrates by 
solution-based methods is also one promising approach and is applicable to arbitrary substrates. 
To verify the future possibilities, the fabrication of WSe2 - MoS2 CMOS inverters on the same 
substrates should be addressed. As shown in Fig. 5.19, in order to demonstrate the integration of 
hybrid inverters on one wafer, MoS2 monolayer film were transferred onto a sapphire substrate 
with an as-grown WSe2 monolayer film, and connected EDLTs to these films to construct 
CMOS inverters on the same substrate.
161
 Figures 5.19(a) and 5.19(b) present the fabrication 
procedures of the combined devices and their transfer characteristics integrated on the same 
sapphire substrate. Although the S of each WSe2 and MoS2 EDLT were degraded after the 
transfer process, pronounced inverter operation with sharp logic inversion was still achieved 
(Fig. 5.19(c)). Most importantly, as shown in Fig. 5.19(d), if top priority is given to power 
consumption, then it can realize balanced voltage gain and power consumption (gain: 8 – 11, 
power consumption: 20 – 120 nW) with high total noise margin (70 – 80%) in these devices. 
Table VI summarized the device distributions of these combined CMOS inverters. 
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Figure 5.19 (a) Transfer and fabrication procedures for WSe2 – MoS2 inverters on one substrate. 
(b) Transfer characteristics of WSe2 and MoS2 EDLTs. (c) Logic operations of fabricated 
combined inverters with a Vdd of 1.0 V and 1.5 V. (d) The voltage gain and power consumption 
profile. The figures were used with permission from: ref. 161, © 2016 Wiley. 
 
 
Table VI Summary of the inverter performances for three different WSe2 – MoS2 CMOS 
inverters on the same sapphire substrate. The table is adopted with permission from: ref. 161, © 
2016 Wiley. 
77 
 
5.7 Conclusion 
 
In this chapter, high-performance CMOS inverters built on CVD-grown, large-area TMDC 
monolayers were realized by EDLTs. Owing to the efficient electrostatic control derived from 
ultrathin body of monolayer TMDCs and the high specific capacitance of EDLs, the fabricated 
WSe2 EDLTs exhibited high hole mobility, and the MoS2 EDLTs showed high electron mobility. 
In addition, these devices can be switched with a very low threshold voltage and a low 
subthreshold swing. Combining p-type WSe2 EDLTs and n-type MoS2 EDLTs produced CMOS 
inverters that yielded voltage gains of 110 with a large total noise margin of > 95 %, a low 
power consumption of < 0.2 nW, and a switching speed of > 1 kHz. This is the best performance 
obtained to date in devices based on large-area atomically thin materials. 
Furthermore, the plasticity of atomically thin features and the deformable nature of ion gels 
also offer substantial promise for flexible and stretchable devices. On the basis of establishing 
film transfer techniques, accordion structure films were fabricated, which were consequently 
used to create highly flexible and fully stretchable TMDC transistors. Importantly, the 
complementary inverters of CVD-grown cm-scale TMDC monolayers transferred onto plastic 
substrates exhibited a high gain of 30 with high flexibility that allowed the devices to be bent 
down to a curvature radius of 0.5 mm. Although the obtained results provide possibilities for 
high performance 2D logic devices, further improvements in terms of the large-area integration, 
the patterning technique, the enhancement of device characteristics, the operation durability, and 
the switching speed are required. The superior mechanical properties and gate controllability of 
TMDC EDLTs will be a new platform for realizing atomically thin electronics on flexible and 
stretchable substrates in the future. 
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Chapter 6 Thermoelectric conversions in TMDC EDLTs  
 
6.1 Introduction 
 
Thermoelectric energy conversion is one of the key technologies for energy harvesting 
devices to convert waste heat into electric power, and vice versa.
211,212
 In particular, the Seebeck 
coefficient (thermopower, S), which is the proportional constant to the voltage generation 
against an induced temperature gradient, is a significant factor in designing thermoelectric 
materials/devices.
213
 Importantly, according to the Mott equation, S is proportional to the energy 
derivative of the DOS at around the Fermi energy (EF); therefore, low-dimensional structures 
and materials are suitable for thermoelectric applications.
214
 In 1993, Hicks and Dresselhaus 
theoretically predicted this approach, and it was experimentally confirmed by quantum wells 
and quantum wires.
215-219
 
In this point of view, TMDC monolayers can be promising thermoelectric materials due to 
their bandgap and atomically thin thicknesses.
14
 For example, because of ideal quantum-well 
structures, their thermoelectric properties have been investigated by mechanically exfoliated and 
chemical vapor deposition (CVD) grown single crystalline MoS2 monolayers, and a remarkably 
large S value of −1 × 105 μV K−1 has been reported.220-222 In addition, high performance was also 
observed in exfoliated few-layer single-crystal WSe2 flakes.
223
 Therefore, TMDCs are possible 
thermoelectric materials: however, several issues remain: (i) The typical sizes of single-crystal 
samples are less than 10 μm2, which is not suitable for reliable thermoelectric measurements. 
(ii) Although both p-type and n-type materials are necessary for thermoelectric energy 
conversion, the direct comparison between them has not yet been investigated. (iii) Because of 
the EF dependence of S, it is critically important to control the energy band filling, and it is 
conventionally tuned by chemical doping. In contrast, precisely controllable doping methods for 
TMDC films have not yet been established. (iv) Most importantly, although the previous studies 
have reported good thermoelectric properties, the experimental evaluation of the enhancement 
still remains a challenge. Recently, several theoretical studies predicted that high thermoelectric 
performance can be achieved in atomically thin TMDCs, which encourages the enhancement 
due to the low-dimensional effect.
224-226
 
Considering these obstacles, the combination of EDLTs and CVD-grown large-area TMDC 
monolayers provide the possibility of achieving good thermoelectric performance because 
superior transport properties have realized.
110,111
 In this chapter, the thermoelectric properties of 
CVD-grown large-area MoS2 and WSe2 monolayers are investigated by employing EDL 
gating.
227
 The wide-range carrier density control of EDLTs offers precise control of both the EF 
and the S in n-type MoS2. Moreover, the S is continuously tuned from p-type to n-type in 
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ambipolar WSe2 EDLTs. Due to the ultimately thin structure, a large |S| and thermoelectric 
power factor is expected in both MoS2 and WSe2, representing a myriad of possibilities for 
TMDC-based large-area thermoelectric applications. The origin of the enhancement in 
thermoelectric properties is discussed by the Mott relation based on the 2D energy band 
structure, which is calculated by the density functional theory. The physical mechanism of the 
enhancement as the low-dimensional effect is quantitatively clarified by comparing experiment 
with theory. Note that the contents of chapter 6 are based on the following published paper: 
・J. Pu et al., Phys. Rev. B 94, 014312 (2016) 
 
6.2 Carrier-density-dependent thermoelectric properties 
 
6.2.1 Tuning n-type thermopower in MoS2 EDLTs 
To demonstrate field-effect-modulated thermoelectric properties, first, MoS2 EDLTs were 
constructed on highly uniform large-area MoS2 monolayers grown on sapphire substrates using 
the CVD technique.
39,110
 Figure 6.1(a) schematically illustrates the device configuration and the 
conceptual diagram of the electrostatic doping by the EDLTs.
227
 Importantly, a long channel 
length of 400 μm was introduced in the fabricated devices. A longer channel is crucial to induce 
a clear temperature gradient for reliable thermopower measurements. A quasi-reference 
electrode was inserted into the ion-gel films to measure the precise voltage drop at the MoS2 
interface. This voltage drop is important for controlling the EF of materials.
112,113
 
Figure 6.1(b) shows the VR dependence of the drain current and capacitance. An n-type 
transistor characteristic and a high specific capacitance for the EDLs on the MoS2 interface 
(several μF cm−2) was obtained. These results are consistent with previous results in chapter 
4.
110,153
 Using the measured capacitances, a mobility of 32 cm
2
/Vs was calculated, indicating the 
superior transport properties of the CVD-grown MoS2 monolayers. Interestingly, the step-like 
VR behavior as represented in the bottom panel of Fig. 6.1(b) can be explained by a series of 
connections between the two capacitances on the MoS2 surfaces: the geometrical capacitance 
(Cg) and the quantum capacitance (Cq), as described in Fig. 4.19.
112,113
 Importantly, because Cq is 
proportional to the DOS around EF, this capacitance-VR relationship strongly suggests a 
stair-like energy dependence of the DOS in MoS2 film, which is a signature of 2D materials.
 
In 
order to investigate the S of monolayer MoS2, as shown in Fig. 6.1(a), the fabricated EDLTs 
were placed between two Peltier devices: one for heating and the other for cooling the 
devices.
227
 Two thermocouples (K-type, ϕ = 100 μm) were placed on both edges of the channel 
to monitor the temperature difference (∆T). Because of the long channel, ∆T reached 1.5 K. The 
thermo-electromotive force (∆V) and the ∆T values were simultaneously measured with VR 
application at room temperature. 
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Figure 6.1 (a) A schematic depiction and an optical image of the thermopower measurement 
system. The ion-gel-gated EDLTs are placed on two Peltier devices, and the temperature 
difference (∆T) is monitored by two thermocouples. The conceptual diagram illustrates the ionic 
liquid, polymer, and electrostatic doping by the EDLTs. (b) Transfer and capacitance-voltage 
characteristics of the MoS2 EDLTs. The figures were used with permission from: ref. 227, © 
2016 American Physical Society. 
 
Figure 6.2(a) presents the ∆V−∆T curves at various values of VR. The linear relationship 
clearly proves the excellent reliability of these measurements. It is noted that the linearity of the 
∆V−∆T slope was dramatically degraded when the channel resistance was high, suggesting that 
the adverse effects arise from metal/MoS2 contacts. To prevent these negative effects, the S was 
derived from the linear fitting of the ∆V−∆T curve and only results with determination 
coefficients greater than 0.98 were accepted. As a result, the reliable behavior was mostly 
obtained above the Vth of the EDLTs. Figure 6.2(b) shows the VR dependence of the S for two 
different MoS2 EDLTs. The derived S is displayed as a function of VR−Vth, indicating that the 
data are plotted from the conduction band edge and that the horizontal axis correlates with the 
EF shift. Obviously, S was well controlled by the EDL gating, and the obtained maximum |S| 
value reached 160 μV/K at around the conduction band edge, which qualitatively agrees with 
the energy derivative of 2D DOS. 
To further evaluate the thermoelectric performance of monolayer MoS2, the thermoelectric 
power factor S
2·σ was also calculated. The electrical conductivity, σ, is directly converted from 
the measured ID, by using the equation σ = (L·ID) / (W·VD·t), where the L is the channel length, 
the W is the channel width, and t is the thickness of the monolayer films. It should be strongly 
emphasized that the power factor has to be optimized to maximize the electric power output of 
thermoelectric devices. Consequently, this is a key parameter for applications. However, it is 
widely known that there is a trade-off between |S| and σ in terms of the carrier density, n. 
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Although σ is almost linearly proportional to n, |S| decreases with increasing n. Therefore, it is 
necessary to maximize S
2·σ by tuning n.212 Figure 6.2(c) exhibits the sheet carrier density, n2D, 
dependence of the power factor. The n2D is estimated from the equation n2D = ʃ Ct·(VR – Vth)/e, 
where e is the elementary charge. Most importantly, the power factor was continuously 
controlled, and a high power factor of ~200 μW/mK2 was obtained above an n2D of 1 × 10
13
 
/cm
2
, which is approximately 2 times higher than those of graphene (~100 μW/mK2)228.229 and 
carbon nanotubes (~100 μW/mK2).230,231 It should be noted that although the thermopower was 
reproducible among samples, the power factor was strongly sample dependent due to the 
variation of the σ in each device. This might have been caused by adverse effects from the film 
quality, such as grain boundaries and/or defects originating from sulfur vacancies. 
 
Figure 6.2 (a) The thermo-electromotive force (∆V) and ∆T profile is presented with a VR 
application. The gray blanks indicate the measured data, and the solid lines exhibit their linear 
fitting. (b) The measured S vs. VR−Vth is shown, indicating the modulation of S against 
conduction band filling. Two different MoS2 devices are shown for evaluating the S. (c) The 
carrier-density-dependent thermoelectric power factor is displayed in two devices. The figures 
were used with permission from: ref. 227, © 2016 American Physical Society. 
 
6.2.2 Tuning p- and n-type thermopower in WSe2 EDLTs 
Next, large-area monolayer WSe2 EDLTs synthesized using the CVD system were fabricated 
in order to explore p-type thermoelectric materials.
111
 Figure 6.3(a) shows the transfer and 
capacitance−VR characteristics of the fabricated WSe2 EDLTs. An obvious ambipolar transport 
with an on/off ratio of 10
5
 for both p-type and n-type transports was observed, which is direct 
evidence of continuous EF control from the valence to conduction band. In addition, the μ 
reaches 53 cm
2
/Vs for holes and 8 cm
2
/Vs for electrons, which is consistent with the previous 
results in chapter 4.
111
 Moreover, similar to the MoS2, step-like capacitance−VR behavior was 
observed, reflecting the DOS of the WSe2. Importantly, in both the transfer and the capacitance 
measurements, the symmetric stair-like VR dependence was collected, and the VR difference 
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between two thresholds agreed with the bandgap of WSe2 (shadow area of Fig. 6.3(a)). 
Figure 6.3(b) displays the ∆V−∆T curve. As the VR changed from negative to positive, the 
sign of ∆V reversed, indicating a change in the predominant carrier type from holes to electrons. 
The S was derived from the linear fitting of Fig. 6.3(b), and the resulting VR dependence of S for 
three different WSe2 EDLTs is revealed in Fig. 6.3(c). Importantly, both positive and negative S 
values were clearly observed in the ambipolar WSe2 EDLTs. This is the first demonstration of 
controlling both p-type and n-type thermoelectric properties in monolayer TMDCs.
227
 The 
obtained maximum |S| value reached 380 μV/K for the p-type and 250 μV/K for the n-type 
WSe2, which are larger than graphene (< 200 μV/K),
228,229
 carbon nanotubes (< 200 μV/K),230,231 
and Bi2Te3 (~ 200 μV/K).
232
 Furthermore, as shown in Fig. 6.3(d), a maximum power factor of 
300 μW/mK2 for the p-type and 100 μW/mK2 for the n-type can be calculated, indicating the 
potential of CVD-grown WSe2 as a promising thermoelectric material. 
 
Figure 6.3 (a) Transfer and capacitance-voltage characteristics of the WSe2 EDLTs. The 
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step-function-like capacitance behavior reflects the continuous valence band (VB) and 
conduction band (CB) filling. (b) The ∆V − ∆T characteristic for tuning VR. (c) The measured S 
is represented as a function of VR−Vth for both p-type and n-type WSe2, which is attributed to 
VB and CB fillings, respectively. The results of three WSe2 devices with different filling levels 
are shown. (d) The carrier-density-dependent power factor is exhibited for three devices. The 
figures are adopted with permission from: ref. 227, © 2016 American Physical Society. 
 
In addition, the reproducibility of thermoelectric performance was also evaluated. As shown 
in Fig. 6.4, three WSe2 devices were additionally fabricated to confirm their properties. From 
the distribution of Fig. 6.4, it is clear that although the thermopower was reproducible, the 
power factor showed variation due to the sample-dependent σ, and the maximum value was in 
the range from 200 to 300 μW/mK2 for p-type WSe2. Importantly, the highest power factor was 
obtained at |n2D| of ~1.5 × 10
13
 /cm
2
, which indicates reproducible thermoelectric performance in 
fabricated devices. These results highlighted the great advantage of EDLTs for controlling the 
thermoelectric properties of TMDCs. 
 
Figure 6.4 A comparison of transport and thermoelectric properties in fabricated WSe2 EDLTs. 
The figures were used with permission from: ref. 227, © 2016 American Physical Society. 
 
6.3 Enhanced thermoelectric power factor 
 
It is already established that 2D materials exhibit higher thermoelectric properties than those 
of three dimensional (3D) bulk material because, according to the Mott equation, S is 
proportional to the energy derivative of the DOS at around EF, and the stair-like energy 
dependence of the DOS of 2D materials leads to a larger S.
215-219
 This motivated the study in 
ideal quantum wells of TMDC monolayers. In particular, several theoretical studies predict the 
enhancement of thermoelectric properties in TMDCs with decreasing layer thickness.
224-226
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Owing to the increased valley degeneracy at the band edge, mono- and/or few-layer TMDCs 
show significantly increased σ, resulting in the enhancement of the power factor at |n2D| up to 
1.0 × 10
13
 /cm
2
. The relevant calculations demonstrated that ultrathin TMDCs can achieve 5-10 
times larger increases of the power factor than bulk samples. To confirm such low-dimensional 
effects, we compared the obtained results with those of bulk materials.
227
 The comparison 
between large-area 2D monolayers and 3D bulks is summarized in Figs. 6.5(a) and 6.5(b), 
representing various semiconducting TMDC bulk, MoS2 monolayers, and WSe2 monolayers by 
black, blue, and red symbols, respectively.
11,233-237
 Only large-area samples were selected;  
excluded tiny single-crystal films were excluded. As shown in Fig. 6.5(a), the |S| of the bulk 
samples is comparable with the results of the monolayer samples. However, if we focus on the 
samples with a similar |S|, the σ of the 2D monolayers is a few orders of magnitude greater than 
the 3D bulk materials. Due to the trade-off behavior between |S| and σ, these results strongly 
suggest a larger |S| in monolayer forms. Moreover, the higher thermoelectric properties in 
large-area monolayers are clarified in Fig. 6.5(b). Owing to the superior σ at comparable |S|, the 
power factor of the 2D monolayers is one order of magnitude larger than that of the 3D bulk 
materials, which is in good agreement with theoretical predictions.
224-226
 These results directly 
clarify the low-dimensional effect in layered TMDCs, opening up a route for high-performance 
thermoelectric applications.
227
 
Furthermore, the dimensionless figure of merit ZT = S
2
·σ·T·κ−1, where Z and κ are the figure 
of merit and the thermal conductivity, should be addressed. Although the κ of poly-crystalline 
monolayers has not yet been established, several theoretical and experimental investigations of 
the in-plane κ of single-crystalline WSe2 and MoS2 monolayers have been reported.
238-241
 These 
κ values range from 1 to 50 W/mK at room temperature. However, the κ of poly-crystalline 
monolayers is considered to be smaller than that of single-crystalline monolayers because of the 
effects from domain/grain boundaries, and using the κ of large-area bulk samples reasonably 
allows the evaluation of ZT for CVD-grown films. Recently, the κ of polycrystalline MoS2 films 
(thickness of > 100 nm) has been measured, and its value ranged from 0.5 to 1.5 W/mK.
242,243
 If 
these results are applied to the obtained results for CVD-grown polycrystalline samples, the 
derived ZT is up to 0.1, suggesting that the measurement of κ in polycrystalline monolayers is 
an important issue for the future. 
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Figure 6.5. (a) The comparison of |S| between various semiconducting TMDC bulk materials 
(gray area) and large-area monolayers (green area) is plotted against σ.11,233-237 The obtained data 
in this thesis are represented by red circles for WSe2 and by blue squares for MoS2. The 
literature results for bulk materials are summarized by the black symbols. (b) The power factor 
vs. σ is exhibited for reported bulks (gray area) and large-area monolayers (green area).11,233-237 
The figures were used with permission from: ref. 227, © 2016 American Physical Society. 
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6.4 Theoretical evidence of 2D thermopower 
 
6.4.1 Computational details for the band calculation 
Although the mechanism of the enhancement is qualitatively explained by the 
low-dimensional effect, the obtained results should be compared with the theoretical 
calculations for quantitative arguments. In general, S can be expressed by the following Mott 
equation:
214
 
                                       (6.1) 
Where kB and D€ are the Boltzmann constant and the DOS at around EF, respectively. Therefore, 
the energy band calculation of monolayer WSe2 and MoS2 were performed by the density 
functional theory (DFT) method and the effective screening medium (ESM) scheme.
244,245
 
Importantly, in TMDC monolayers, it is not clear whether or not we can apply a rigid band 
picture. Therefore, the calculation of the energy dependence of both the DOS and the Cq is 
needed. Figure 6.6 presents the structure of monolayer TMDCs for theoretical calculations.
227
 
The lattice parameters were 3.321 Å for WSe2 and 3.177 Å for MoS2. A schematic 
representation of the ESM-DFT model is also shown in Fig. 6.6. 
 
 
Figure 6.6 Schematics of the atomic geometry of the monolayer TMDCs and ESM-DFT scheme 
for the DOS and Cq calculations. The relaxed energy band of the charged system is calculated 
for the hole (+Q) and the electron (−Q) accumulations. The figures were used with permission 
from: ref. 227, © 2016 American Physical Society. 
 
All calculations were performed in the framework of DFT
246,247
 with OPENMX
248
 code using 
a linear combination of pseudo-atomic orbitals as a basis set. The exchange-correlation potential 
was treated with a generalized gradient approximation (GGA).
249
 Norm-conserving 
pseudopotentials
250
 with partial core correction
251
 were adopted to describe the electron-ion 
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interaction. Pseudo-atomic orbitals (PAOs) were generated by a confinement scheme
252
 with a 
cutoff radius of 7.0 (a.u.) for all atomic species. We used the PAOs specified by Mo-s3p2d2f1, 
W-s3p2d2f1, S-s3p3d2f1, and Se-s3p3d2f1, where Mo, W, S, and Se were atomic symbols, and 
s3, for example, indicates the employment of three orbitals for the s component. Real-space grid 
techniques were used with an energy cutoff of 300 Ry in numerical integration.
253
 The spin-orbit 
coupling was included in all calculations via a relativistic j-dependent pseudopotential scheme 
in the noncollinear DFT formalism.
254
 Here, we used a slab model for monolayer MoS2 and 
WSe2 with a 1×1 unit cell in the lateral direction and a 12-Å vacuum region. The Brillouin-zone 
integration was performed using a 32×32×1 uniform k-point grid for the neutral system, and a 
320×320×1 uniform k-point grid for the electron/hole doping system. The DOS was calculated 
using the tetrahedron scheme with a 420×420×1 k-point grid.
255
 
 
6.4.2 Band structure with charging effect 
  Figures 6.7(a) and 6.7(b) indicate the calculated DOS and Cq for both monolayer WSe2 and 
MoS2.
227
 Here, Cq was estimated based on two approximations: (i) The fixed-band 
approximation: the energy dependence of the DOS was calculated using the DFT model. The Cq 
can be evaluated from the DOS of the neutral system: 
                                                  (6.2) 
The above definition assumes that the bias voltage Vq is referenced to the difference in the EF 
and the maximum valence band/minimum conduction band level. In this approximation, it is 
assumed that the charging or discharging simply changes the Fermi occupation of an otherwise 
fixed DOS of system.
244
 (ii) Effective screening approximation: The WSe2 and MoS2 systems 
were charged with +Q (hole-doping) or -Q (electron-doping) to simulate the EDLs. The relaxed 
energy band of the charged system was calculated using the ESM-DFT scheme, and the Cq was 
evaluated using the following formula: Cq = ±Q/Vq.
245
 The bottom panels of Figs. 6.7(a) and 
6.7(b) display the difference between the fixed-band and ESM-DFT calculations, which directly 
reflect the charging effects in 2D band structures. Because of the obvious difference between the 
two results, the calculated data by the ESM-DFT model was adopted for the estimation of the 
theoretical S, indicating that the rigid band picture is not applicable to monolayer TMDCs. 

eV
q
q dEED
V
VC
0
)(
1
)(
88 
 
 
Figure 6.7 The calculated DOS (top) and Cq (bottom) for WSe2 (a) and MoS2 (b), respectively. 
Note that the Vq (= ±Q/Cq) describes the potential at each Fermi level (EF) i.e., the required 
potential for shifting EF. The Cq is displayed with the results of rigid band (gray) and ESM 
model (red). The figures are adopted with permission from: ref. 227, © 2016 American Physical 
Society. 
 
6.4.3 Comparison between experiment and theory 
To compare the calculated results with those of experiments, it is necessary to translate the 
applied VR to the EF shift. Because the n2D can be derived from both calculated Cq (= ±Q/Vq) and 
measured Ct (= n2D/(VR–Vth)), the experimental Vq can be derived by (Ct/Cq) × (VR–Vth) when Q 
= n2D. Therefore, by considering the linear relationship between DOS and Cq, the Mott equation 
can be converted to following equation: 
                                        (6.3) 
Using this equation, the Fermi-level-dependence of the theoretical S can be calculated for the 
2D band. Figure 6.8(a) represents the comparison of S between the theoretical and the 
experimental behavior of p-type monolayer WSe2. The derived S for all calculated Cq using 
equation (6.3) and experimental S are summarized in Fig. 6.8(a). It should be noted that the 
numerical variation of S obtained by the direct derivative of Cq is ascribed to the fine energy 
resolution (~3 meV) arising from the k point mesh used here. The derivative of Cq under the 
energy mesh of 10 meV causes the numerical instability for the resultant S. In particular, the 
shadow area in Fig. 6.8(a) represents the middle value of the calculated S, reflecting the 
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theoretical behavior as valence band filling. Interestingly, the experimental S against the EF shift 
shows agreement with the calculated S. Moreover, as shown in Fig. 6.8(b), to evaluate the 
n-type monolayer MoS2, the same calculations were also performed. The shadow area of Fig. 
6.8(b) represents the theoretical value derived from the Mott equation. Consequently, similar to 
WSe2, the experimental S is explained by the calculated curve. 
 
Figure 6.8 (a) The calculated S by the Mott equation for p-type WSe2 is shown as a function of 
Vq−VVB, where Vq is plotted from valence band edge (VVB). The S (gray diamonds) is calculated 
by the direct derivative of Cq derived from the ESM-DFT scheme. The experimental results for 
the three WSe2 EDLTs are represented by red symbols, which reasonably agreed with the 
theoretical data (shadow area). (b) The calculated |S| for n-type MoS2 is plotted from the 
conduction band edge of Vq−VCB. The measured |S| for two devices, shown in blue symbols, 
agree with the theoretical behavior (shadow area). The figures are adopted with permission 
from: ref. 227, © 2016 American Physical Society. 
 
To further encourage the significance of the evaluation, the theoretical S by the semi-classic 
Boltzmann transport theory and the Mott relation with a rigid band model for both WSe2 and 
MoS2 was also calculated to compare them. The theoretical S was estimated by solving the 
semi-classic Boltzmann transport equation within the constant scattering time approximation on 
the basis of the energy band structures obtained by DFT calculations, as implemented in the 
BoltzTrap code.
256
 The motion of an electron was treated semi-classically, in which the group 
velocity of an electron in a particular band can be derived from band energy by the equation: 
                                                        (6.4) 
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where ɛi,k is the ith energy band at the point k, and k is the 𝛼th component of wave-vector k. 
From the group velocity, the S was calculated by following equations: 
                                    (6.5) 
                                    (6.6) 
                   (6.7) 
where  and  are tensor indices, , , , e, and N are the volume of the unit cell, the 
chemical potential, the Fermi-Dirac distribution, the electron charge, and the number of k points 
sampling, respectively. The effect of doping concentration (or the position of V−VVB(CB)) on the 
S was estimated based on the rigid band approximation. For comparison, the theoretical S from 
the Mott equation (6.3) using the Cq calculated by the fixed-band approximation is also 
calculated. Figure 6.9 shows the calculated and experimental S for the Boltzmann transport 
theory and Mott relation derived from the ESM-DFT and the rigid band models of the (a) p-type 
monolayer WSe2 and (b) n-type monolayer MoS2. Although the calculated S by the rigid band 
model is qualitatively consistent with the experimental results, they are quantitatively 
inconsistent, especially for the n-type MoS2, obviously indicating a significant charging effect in 
monolayer TMDCs (Fig. 6.9). These comparisons between the theoretical and the experimental 
results obviously reveal that the obtained high S in large-area monolayer films originates from 
the 2D band structure of the monolayer TMDCs. 
 
Figure 6.9 The comparison between theoretical and experimental S for (a) p-type monolayer 
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WSe2 and (b) n-type monolayer MoS2. The figures were used with permission from: ref. 227, © 
2016 American Physical Society. 
 
6.5 Conclusion 
 
In this chapter, the carrier-density-dependent thermoelectric properties of large-area WSe2 
and MoS2 monolayers were investigated by electrolyte gating. The continuous modulation of 
positive and negative S in WSe2 and the tuning of negative S in MoS2 were realized through 
high carrier density control of EDLTs. Moreover, a large |S| (> 200 μV/K) and power factor (> 
200 μW/mK2) were obtained with optimized carrier densities, resulting in notable enhancement 
of thermoelectric performance compared with that of bulk materials. Finally, the origin of the 
large S through a quantitative comparison between the theoretical Mott relation and the 
experimental results was examined, and, by the ESM-DFT method, the experimental S was 
found to reasonably agree with the theoretical calculations. These results strongly indicate that 
monolayer TMDCs are a new 2D platform for discovering high-performance large-area 
thermoelectric devices. 
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Chapter 7 Atomically thin TMDC light-emitting diodes 
 
7.1 Introduction 
 
Monolayer TMDCs are atomically thin direct bandgap semiconductors in the visible 
wavelength range with superior transport properties. As a result, they are attracting considerable 
interest for use in next-generation optoelectronics, such as flexible displays, photodetectors, and 
low-threshold lasers.
14,57,257,258
 In particular, light-emitting diodes (LEDs) are one of the essential 
elements for exploring such lighting functionalities.
259
 In general, LEDs require the formation of 
a p-n junction and conventional LED fabrication has adopted several techniques for creating p-n 
junctions. These include ion implantation,
260
 atomic substitution,
261,262
 chemical 
functionalization,
263,264
 and heterostructures.
265,266
 However, because these methods are not yet 
feasible in TMDC monolayers, and have only been established in commonly-used materials, it 
is difficult for emerging semiconductors to obtain electroluminescence (EL). Therefore, 
developing versatile and simple approaches to fabricate light-emitting devices is an important 
challenge for future optoelectronics. 
Although conventional doping techniques are difficult to apply to TMDC monolayers due to 
their p-type and n-type characteristics, relevant research on fabricating TMDC LEDs has been 
performed with electrostatic gating.
101-103,267-269
 In these approaches, either split-gate 
configurations
267-269
 or ionic-liquid-gated transistors
101-103
 are introduced to modify the material 
polarities by tuning the gate voltage. This electrostatic doping is able to generate light-emission 
from materials, however it is necessary to apply a constant gate voltage in order to establish a 
p-n junction. For device applications, polarity control using an external gate electrode is a 
disadvantage due to its steady power consumption, lack of scalability, and limited structural 
applicability to arbitrary materials and/or substrate forms. In addition, the reported 
TMDC-based LEDs were demonstrated by using mechanically exfoliated films, which are not 
suitable for reproducibility and scalable integration. 
Considering these drawbacks, efforts should be made to discover a new approach to 
fabricating LEDs without any external doping or gate control. In 1995, one of the simplest 
methods to generate light-emission was reported by Pei et al., in which they formed a p-n 
junction based on electrochemistry.
270
 These devices were named light-emitting electrochemical 
cells (LECs) and only required a mixture of electrolytes and fluorescent species (organic 
polymers) with two electrodes.
270,271
 In LECs, both electrochemical oxidization at and reduction 
of the polymers around the two electrodes are caused by the voltage application. These 
simultaneous electrochemical reactions lead to the formation of a dynamic p-n junction, 
resulting in light emission.
270-275
 Although the concept of LECs paved the way for simple and 
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easy fabrication of light-emitting devices,
276-279
 the applicable materials for this technique are 
limited to a few organic polymers because of the difficulties of combining semiconductors with 
electrolytes.
280.281
 Therefore, a new method with excellent material applicability and LEC-like 
simplicity is strongly required. 
  In this chapter, a versatile and simple approach to fabricate light-emitting devices is 
established on the basis of the idea originated from electrochemistry. To overcome the 
compatibility problems in LECs and to realize material versatility, electrochemical 
oxidization/reduction is replaced with a carrier doping by EDLs. This idea is applied to 
emerging semiconductor materials, TMDC monolayers
14
 and zinc oxide (ZnO) single 
crystals,
282
 to prove the effectiveness of the proposed strategy. Owing to the high specific 
capacitance of EDLs, dynamic p-i-n junctions or dynamic tunneling junctions can be induced. 
As a result, EL with a driving voltage of < 4 V is successfully gained in all materials. This  
opens a versatile and simple route for discovering light-emitting devices and provides a new 
platform to apply atomically thin materials to low-power large-area lighting applications. 
 
7.2 A new approach to generate light emission in semiconductors 
 
7.2.1 Device concept 
To realize a simple device structure for yielding light emissions from versatile 
semiconductors, we propose a two-terminal device covered with electrolytes (e. g. ion gels). As 
shown in the schematics of Fig. 7.1(a), the proposed device concept only requires two 
electrochemically stable electrodes (e.g. Au) on the surface of the semiconductors without any 
carrier injection or doping layers. Although our device structure is very simple, the key to the 
proposed device concept is the voltage control of the three components by these two electrodes: 
(i) the motion of the ions (anions and cations) inside the electrolytes, (ii) the motion of the 
charge carriers (electrons and holes) inside the semiconductor, and (iii) the interaction 
phenomena on their interface, such as the formation of EDLs. 
Although anions and cations are uniformly distributed in the electrolytes, we can control 
these ions by applying a voltage to the two electrodes (Fig. 7.1(a)). As shown in Fig. 7.1(b), 
driven by the applied lateral electric field inside the electrolytes, anions and cations drift in the 
opposite direction and form ion sheets on the surfaces of the cathode and anode, respectively. 
These surface ions screen the electric field and form pairs with the oppositely charged carriers 
of each electrode, resulting in the formation of EDLs. Because the distance between ions and 
charge carriers ranges from 1 nm to 10 nm, these EDLs yield a strong internal electric field 
(1-10 MV cm
−1
) and huge specific capacitance (1−10 μF cm−2)25,26. Importantly, the strong 
electric field of EDLs is also partially applied to the metal/semiconductor interface. Therefore, 
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in this proposed concept, we consider that the intense electric field of the EDLs contributes to 
the injection of charge carriers into the semiconductor through the Schottky barriers. This 
process leads to interfacial steep band bending, resulting in the Schottky barrier narrowing and 
carrier injection by the tunneling effect. These tunneling carriers are captured by ions so that 
EDLs are formed on the electrolyte/semiconductor interface to induce electrostatic carrier 
doping in the semiconductor. 
When the applied voltage is sufficiently large, the Schottky barrier at the two 
electrode/semiconductor interfaces becomes narrow enough to inject both types of charge 
carriers, which enables the formation of an n-doped region on one side and a p-doped region on 
the opposite side (Fig. 7.1(c)). This electrostatic doping process by EDLs occurs transiently. 
Finally, the dynamic p-i-n junction is electrostatically induced. Therefore, as shown in Fig. 
7.1(d), when a sufficiently large bias is applied between the two electrodes, the recombination 
of holes and electrons for light emission is expected in the compensate (intrinsic) region. The 
notable advantage of this new light-emitting structure, called an electric double layer 
light-emitting diode (EDLED) compared to relevant polymer LECs is its applicability to 
emerging solid semiconductors without inducing electrochemical degradation. 
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Figure 7.1 (a) Schematics of the proposed two-terminal light-emitting structure with an 
electrolyte. The device is illustrated in the neutral condition, where the two deposited electrodes 
are floating. (b) When a small lateral bias is applied, ion replacement is induced, followed by a 
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redistribution of anions and cations on the opposite side of the electrode and material surface. 
(c) When a large lateral bias is applied, electrons and holes are injected from the electrodes. 
These injected carriers induce electrostatic p- and n-doping originating from the electric double 
layers on the electrolyte/semiconductor interfaces. (d) In the equilibrium condition, the p-i-n 
junction is dynamically formed, in which both a p-doped and an n-doped region are adjusted in 
the semiconductors. Upon further increasing the voltage application, the recombination of holes 
and electrons occurred in the intrinsic region to generate electroluminescence. 
 
7.2.2 Light emission from WSe2, MoS2 and ZnO 
On the basis of this device concept, LEDs were constructed on WSe2 and MoS2 monolayers, 
and ZnO single crystals. Because monolayer WSe2 and MoS2 were atomically thin 
semiconducting materials which can have both hole and electron (ambipolar) transport, they are 
the best candidates to demonstrate the proposed principle for the electrolyte induced 
light-emitting p-i-n junctions. In stark contrast, ZnO single crystal is a typical highly n-doped 
material, thereby, it could offer a versatile platform to prove the formation of the electrolyte 
induced light-emitting tunneling junctions, indicating that our concept is able to extend to any 
semiconductors for generating light emissions. 
First, as shown in the optical image of Fig. 7.2(a), two gold electrodes were directly patterned 
on the CVD-grown cm-scale uniform WSe2 and MoS2 monolayer films.
110,111
 The thin ion gel 
films with thickness of < 100 nm were spin-coated on the whole surface of the substrate. Figure 
7.2(b) presents schematic depictions of the current-voltage and light-emission measurements. A 
Si photodiode was set on top of the fabricated LEDs and recorded their photocurrents, which 
directly detect the emitted light. Figures 7.2(c) and 7.2(d) indicate the current- and 
photocurrent-voltage characteristics for the WSe2 and MoS2 monolayer LEDs. As the voltage 
was increased, diode-like behavior was obtained, and a non-linear increase of both current and 
photocurrent was observed when the voltage exceeded approximately 2 V. In addition, as shown 
in the logarithmic plot displayed in the inset of Figs. 7.2(c) and 7.2(d), the photocurrent was 
linearly enhanced with increasing current with a slope of one (the gray triangle of the inset). 
This relationship means that the external quantum efficiencies (EQEs) were almost constant 
during measurements, and strongly suggest the formation of electrolyte induced p-i-n junctions 
in WSe2 and MoS2 monolayer LEDs. 
97 
 
 
Figure 7.2 (a) The schematics of an ionic liquid and a co-polymer (top), and optical image of 
CVD-grown cm-scale WSe2 monolayer LEDs built on a sapphire substrate (bottom). The 
middle panels show the device channel region with and without spin-coated ion-gel films. (b) 
Schematic depiction of the set-up for light-emission measurement. (c) The crystal structure of 
monolayer WSe2 (top) and the current-voltage (I – V) and photocurrent-voltage (Iph – V) 
characteristics of fabricated WSe2 monolayer LEDs (bottom). The inset presents the logarithmic 
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plot of I and Iph. The gray triangle represents a slope of 1 (d) The crystal structure of monolayer 
MoS2 (top) and the I – V and Iph – V characteristic of fabricated MoS2 monolayer LEDs (bottom). 
(e) The crystal structure of ZnO (top) and the I – V and Iph – V characteristic of n-doped ZnO 
single crystal LEDs (bottom).  
 
Second, LEDs based on a ZnO single crystal were also fabricated. Figure 7.2(e) shows their 
current- and photocurrent-voltage characteristics. Similar to WSe2 and MoS2 LEDs, ZnO LEDs 
obviously exhibit enhancement of photocurrent against increasing current, indicating detectable 
light-emission arising from the ZnO surface. Interestingly, as shown in the inset of Fig. 7.2(e), 
the photocurrent showed anomalous increases against the injected current, meaning a 
non-constant EQE and suggesting a distinct operating mechanism in ZnO LEDs. Another 
critical difference between the TMDC monolayers and the ZnO crystal is the linear 
current-voltage characteristics before light emission, as shown in Fig. 7.2(e). Importantly, 
although ZnO often exists in a highly n-doped condition, the proposed device structure can 
generate light emissions. Therefore, finally, we can conclude that the proposed strategy is surely 
applicable for both ambipolar materials (WSe2 and MoS2) and unipolar materials (ZnO), 
opening a route for versatile and simple LEDs. 
 
7.2.3 Electroluminescence spectroscopy 
In order to evaluate the light-emitting properties, detailed EL properties were measured in 
WSe2 and MoS2 LEDs. Figure 7.3(a) shows a logarithmic plot of the applied voltage (V) 
dependences of the current and photocurrent in a fabricated WSe2 LED. The relationship 
between the current and photocurrent can be divided into three regimes: (I) The current and the 
photocurrent are both less than the detectable level (V < 0.8 V), (II) The current increases 
monotonically and the photocurrent is still dominated by the dark current, therefore there is no 
light emission from the material (0.8 V < V < 2.0 V), and (III) finally, when the applied voltage 
is over 2.0 V, both the current and photocurrent exhibit large enhancements, indicating a 
yielding EL. In the higher voltage application condition, an EL image from the WSe2 surface 
can be clearly observed (the inset of Fig. 7.3(a)). In addition, the EL spectrum shown in Fig. 3b 
was collected in regime (III). The obtained EL spectrum obviously revealed that the light 
emission was generated from exciton recombination in the direct bandgap of the monolayer 
WSe2 (~1.65 eV) and showed a good consistency with the PL spectrum. Based on this, we 
conclude that WSe2 is the active material in this light-emitting device.
115
 It is noted that the 
observed EL did not uniformly arise from the channel region (the inset of Fig. 7.3(a)). One 
possible reason might be that the EQEs of the polycrystalline films is inhomogeneous due to the 
effect of domain boundaries and/or crystal defects. The surface degradation caused by the 
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lithographic fabrication process might have also led to adverse effects. 
 
Figure 7.3 (a) Logarithmic plot of I – V (black) and Iph – V (red) characteristics of a fabricated 
WSe2 LED. The insets show EL images with applied voltages of 0 V and 3.5 V measured at 
room temperature. (b) Comparison of the PL and EL spectra of CVD-grown monolayer WSe2. 
The normalized PL spectrum is shown with the gray line and the normalized EL spectrum is 
represented for an applyied bias of 3.0 V by the blue line. It should be noted that the sharp peak 
at approximately 1.78 eV originates from the Raman scattering of the sapphire substrate. 
 
The voltage dependence of the EL spectrum was also investigated. Figure 7.4(a) exhibits the 
current-voltage characteristic of a fabricated WSe2 LED for both forward and reverse bias 
applications. The symmetric behavior with respect to the sign change in the voltage indicates 
that the doping process in the proposed device is reversible. As shown in Fig. 7.4(b), the EL 
intensity linearly increases with increasing injected current without compromising the spectrum 
features. Figure 7.4(c) shows a comparison between the normalized PL and EL spectra for 
forward bias (3 V) and reverse bias (-3 V). The three spectra at room temperature showed good 
consistency, which is direct evidence of reversible light-emission in the fabricated LEDs. 
 
Figure 7.4 (a) The current-voltage characteristic of fabricated LEDs for both forward and 
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reverse bias. (b) The voltage dependent EL spectra of a WSe2 LED with applied voltage ranging 
from 2.0 V to 3.0 V. (c) A comparison of the PL and EL spectra of CVD-grown monolayer WSe2. 
The normalized PL spectrum is shown with the gray line and the normalized EL spectrum is 
represented by the blue line for a forward bias of 3.0 V and by the green line for a reverse bias 
of -3.0 V. Note that the peak at 1.78 eV originates from the Raman scattering of the sapphire. 
 
In analogy with WSe2, as shown in Fig. 7.5, the current- and photocurrent-voltage 
characteristics and the EL spectrum of a MoS2 monolayer LED were also evaluated. This also 
revealed the existence of three regions. Again, the EL spectrum in regime (III) perfectly agrees 
with the PL spectrum (Fig. 7.5(d)), indicating that the MoS2 monolayer is the active material 
and demonstrating the formation of dynamic p-i-n junction.
15,16
 Although the voltage necessary 
to reach regime (III) was approximately 2 V in the WSe2 LEDs (Fig. 7.3(a)), the MoS2 LEDs 
required 3 V to reach regime (III). This behavior is not simply explained by the differences in 
the bandgap energies. Importantly, MoS2 monolayers has been reported as typically n-type 
semiconductors and it has already been noted that there is a strong Fermi level pinning effect in 
MoS2 due to the sulfur vacancy.
95,96
 Therefore, these results might be understood by the hole 
traps with higher densities in MoS2, resulting in the higher voltage application required for the 
formation of the p-doped region by the EDL capacitors. Although the formation of dynamic 
p-i-n junctions in WSe2 and MoS2 LEDs is very likely, further investigation is necessary to 
reach the final conclusion. 
 
Figure 7.5 (a) Logarithmic plot of I – V (black) and Iph – V (red) characteristics of fabricated 
MoS2 LEDs. Similar to WSe2, the I – V curve can be divided into three regimes (shadow dotted 
lines, I, II, and III). (b) A comparison of the PL (gray) and EL (blue) spectra of CVD-grown 
monolayer MoS2. It should be noted that the sharp peak at approximately 1.78 eV originates 
from the Raman scattering of the sapphire substrate. 
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7.3 Operation mechanism 
 
7.3.1 Transient measurements and potential distribution 
As described in Fig. 1, the p-i-n junctions are induced by the redistribution of ions in the 
proposed device. Besides the demonstration of light-emitting capabilities, it is a fundamental 
requirement to understand the device dynamics to give detailed insight into the formation 
mechanism of the p-i-n junction. In principle, the dynamic response of the ions is much slower 
than the hole and electron carriers. Therefore, the transient response of the WSe2 LEDs was 
measured under device operation to consider its peculiar operational mechanism. To investigate 
the time-dependent current-voltage and light-emission characteristics simultaneously, a 
measurement set-up described in Fig. 7.1(b) was introduced. In addition to measuring the 
current and photocurrent, a quasi-reference electrode was deposited in the middle region 
between the two electrodes to estimate the potential distribution on the WSe2 surface (Fig. 
7.6(a)). The bottom panel of Fig. 7.6(a) illustrates the cross sectional measurement set-up and 
energy band diagram associated with V. In the initial non-bias condition, the ions are uniformly 
distributed and each work function of the electrodes is adjusted to the Fermi energy of WSe2. 
  Figure 7.6(b) represents the measured reference voltage (VR) profile plotted against V. The 
top panel of Fig. 7.6(b) denotes the equivalent circuit diagram of the devices under certain 
voltage applications. When a sufficiently high V is applied to the device, the equivalent circuit 
should be the series of three resistances corresponding to a p-doped, an intrinsic, and an n-doped 
region. Moreover, two in-series EDL capacitors that contribute to the accumulations of holes 
and electrons are connected in parallel to those resistors. Note that VR refers to the voltage drop 
between these two EDL capacitors. On the basis of this circuit diagram, by considering linear 
fitting of the VR-V curve shown in Fig. 7.6(b), a different slope in each divided regime as 
mentioned in Fig. 7.3 is observed. In the first regime (I), the slope is 0.5. This can be considered 
evidence that EDLs were formed on the two opposite electrode surfaces without any 
accumulations on the WSe2 channels, thus, VR becomes half of the potential drop against V. In 
contrast, the slope changed to 1.0 in the second regime (II), indicating only one EDL (unipolar 
accumulation) was formed on the WSe2 surface. As V increased and neared the overlap regime 
between (II) and (III), the slope gradually decreased, and finally in the sufficient highly biased 
regime of (III), the slope was adjusted to 0.5 again. This variation indicates that another type of 
carriers was injected and another EDL was formed from opposite electrode, thus realizing 
ambipolar accumulations. Therefore, two in-series EDL capacitors are constructed, resulting in 
the measured relation of VR and V reached to 0.5, as shown in the circuit diagram of Fig. 7.6(b). 
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Figure 7.6 (a) Schematic depiction of the transient measurement of I and Iph (Top). The 
reference electrode is deposited between the two electrodes. The cross-sections of the devices 
and the energy band diagram are illustrated in the bottom panel. (b) The equivalent circuit 
diagram (Top) and the relation between the measured reference voltage, VR, and V (Bottom) are 
shown. The slope change can be divided into three regimes: regime (I) where V < 0.8V (gray 
area), (II) where V < 2.0V (green area), and (III) where V > 2.0V (purple area), respectively.  
 
7.3.2 Formation of a dynamic p-i-n junction 
Figures 7.7(a), 7.7(b), and 7.7(c) present the time-dependent current and photocurrent profiles 
with applied voltages of 0.8 V, 1.8 V, and 3.4 V, respectively. These three voltage ranges 
correspond to regions (I), (II), and (III) as defined in Fig. 7.3. First, in regime (I), because the 
applied voltage was relatively low, typical ion displacement current without light emission (dark 
current) was observed (Fig. 7.7(a)). As illustrated on the left side of Fig. 7.4(d), anions and 
cations were redistributed with the applied electric field and EDLs were formed on each 
electrode. These EDLs might cause both strong electric field and steeper band bending on the 
metal/WSe2 interface. 
  Next, in regime (II) of Fig. 7.7(b), the ion displacement current initially appears; this is 
followed by transiently increasing current. This behavior is due to time dependent conductivity 
enhancement in the WSe2 and indicates a mixed contribution of two important phenomena. One 
is the carrier injection from the electrodes into the WSe2 monolayers due to Schottky barrier 
narrowing induced by the strong electric field of the EDLs on the metal surface. The other 
phenomenon is the carrier accumulation in the WSe2 due to the formation EDLs on the WSe2 
surface. This charging current is the source of the current increase in Fig. 7.7(b), suggesting the 
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gradual spread of the charge sheet. Although WSe2 is already a unipolar conductor in regime (II), 
the injection barrier for another type of carrier is still high and the photocurrent still remains 
dark current; there is no light-emission. As shown in the center panel of Fig. 7.7(d), these results 
are well explained by unipolar carrier injection and accumulation. 
  Finally, both the current and photocurrent exhibited a large transient increase in regime (III) 
of Fig. 4c. The observation of the light emission and gradual enhancement of the current 
strongly agree with the injection and accumulation of another type of carrier, resulting in the 
formation of a p-i-n junction. This model is also consistent with the constant EQE observed in 
Fig. 7.2(c). As shown in the right panel of Fig. 7.7(d), the valence band was also adjusted to the 
metal work function for V of > VEg, and then, another type of carrier was injected from the 
opposite electrode. Accordingly, a p-i-n junction was induced in the semiconductors to generate 
EL in the intrinsic region. 
 
Figure 7.7 (a, b, c) Transient responses of a fabricated WSe2 LED are exhibited for both I 
(black) and Iph (red) under applied constant voltages (gray) of (a) 0.7 V < V < 0.8 V, (b) 1.7 V < 
V < 1.8 V, and (c) 3.3 V < V < 3.4 V, respectively. These three transient behaviors are attributed 
to regimes I, II, and III as defined in Fig. 7.3. (d) Schematic diagram of the formation of a p-i-n 
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junction. The top panels illustrate the cross section of device operation for the three regimes, 
and the bottom panels correspond to their energy band diagrams.  
 
7.4 Widening principles 
 
7.4.1 Light emitting properties in ZnO 
Although the formation of electrolyte-induced dynamic p-i-n junctions in WSe2 and MoS2 
LED was confirmed, as shown in the inset of Fig. 7.2(e), the EQE of ZnO LED was bias 
dependent showing an anomalous increase, which implies a different light-emitting mechanism. 
In general, obtaining light emission in unipolar materials is difficult. One common method 
applies a large voltage (a few tens of volts or more) to induce tunneling injection of both types 
of carriers.
66
 In contrast, generating light emissions in the proposed devices with electrolytes 
required a voltage that was approximately one order of magnitude smaller. Therefore, in order to 
clarify the role of electrolytes in ZnO LEDs, Figure 7.8 shows a comparison of the voltage 
dependence of the current and photocurrent between devices with and without electrolytes. In 
stark contrast to the TMDC monolayers, ZnO is a naturally n-doped semiconductor due to 
oxygen vacancy. Therefore, the sample was initially conducting and a linear current-voltage 
relationship without light emission was observed (shown with a black line in Fig. 7.8).
87,282
 
In contrast, the current-voltage characteristic became voltage dependent by the deposition of 
the electrolytes. These relationships can be divided into two regimes; (I) As shown in the red 
line in Fig. 7.8, when V < 3 V, the current-voltage curve was still linear and the material 
conductance was approximately twice that before electrolyte deposition. This conductivity 
increase can be explained by the reduced injection barrier for electrons by the EDLs on the 
ZnO/electrode interface. Another possible reason is the EDL formation on the ZnO/electrolyte 
interface due to the difference in the chemical potential, resulting in electrostatic electron 
doping. (II) Interestingly, when V > 3 V, non-linear current enhancement and light emission can 
be observed. Although this behavior seems similar to regime (III) of the TMDC monolayers, the 
non-constant EQE in the inset of Fig. 7.2(e) is not consistent with the formation of a dynamic 
p-i-n junction. Moreover, ZnO is a typical n-doped semiconductor, and ZnO EDLTs exhibit only 
n-type behavior, implying that carrier doping by EDLs is not able to accumulate holes in ZnO 
crystals due to the extremely high density of hole carrier traps.
87,282
 These results suggest that 
the hole injection from the electrodes via the tunneling effect is a dominant factor in fabricated 
ZnO LEDs, meaning that the formation of dynamic light-emitting tunneling junction is as 
described in Fig. 7.1(b). 
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Figure 7.8 The I – V and Iph – V characteristics of a ZnO LED are exhibited with electrolyte 
(red) and without electrolyte (black). The gray line indicates an enhanced electron current due to 
electrostatic doping and a reduction of contact resistance by EDLs. It should be noted that the 
electron current is swept from the linear region of the I – V curve (V < 3 V). 
 
7.4.2 Formation of a dynamic tunneling junction 
  To confirm the tunneling injection of hole carriers in fabricated ZnO LEDs, a detailed 
analysis of the current-voltage characteristic has been performed and the result is displayed in 
Fig. 7.9. Firstly, in order to remove the current contribution from the doped ZnO, a subtraction 
of the linear component (gray line of Fig. 7.8) from the total current (red line of Fig. 7.8) was 
performed, and the obtained results were replotted in Fig. 7.9. As the next step, the resulting 
non-linear behavior of Fig. 7.9 was evaluated based on the Fowler-Nordheim (FN) tunneling 
model, which explains the tunneling through a barrier with a steep slope. In this model, the 
tunneling current (I) is given by the following equation:
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where e, E, ћ ϕ, m* are the elementary charge, the electric field, the Planck constant, the 
Schottky barrier height, and the effective mass, respectively. This expression is re-written as: 
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where V and d are the applied voltage and the width of depletion region, respectively. Finally, 
we can obtain following equation to fit the experimental result: 
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The inset of Fig. 7.9 represents the FN plot in regime (II) and the linear relation between 
log(I/V
2
) and 1/V indicates the formation of a dynamic tunneling junction in a ZnO LED. On the 
basis of the linear fitting of the FN plot, as indicated with the dotted line in Fig. 7.9, d can be 
estimated to be approximately 2 nm. Such an extremely narrow depletion region was caused by 
the strong electric field of the EDL capacitors, and that the screening effect due to the space 
charges from surface ions also played a role by allowing the tunneling injection of carriers. It 
should be noted that ϕ is the difference between the work function of the metal (gold), 4.9 eV, 
and the energy of the valence band of ZnO, 7.5 eV. The hole effective mass value of ZnO is 
used as 0.59.
284
 
 
Figure 7.9 The tunneling hole current (green) vs. the applied voltage. The inset represents the 
Fowler-Nordheim plot. The gray dotted line describes the linear fitting. 
 
 
107 
 
The physical pictures derived from these results are summarized in Figs. 7.10(a) and 7.10(b). 
In regime (I) (V < 3 V), although most of the sample surface was doped by electrons, the 
depletion (intrinsic) region was too thick to inject holes from the electrodes (Fig. 7.10(a)). On 
the other hand, in regime (II) (V > 3 V), the depletion region was narrow enough owing to both 
the strong electric field of EDLs and the space-charge-like surface ions, and, finally, the hole 
carriers were injected via FN tunneling, resulting in the light emission (Fig. 7.10(b)). This 
electrolyte-induced dynamic tunneling junction model also explains the anomalous 
enhancement of EQE in the inset of Fig. 7.2(e) because, in light-emitting tunneling diodes, 
excitons are easily quenched by metal electrodes as discussed for organic light-emitting 
devices.
285
 
 
Figure 7.10 (a) Schematic depiction of a ZnO LED and its energy band diagram. Because the 
ZnO single crystal is highly n-doped, the unipolar accumulation and the depletion (intrinsic) 
region occur simultaneously when a small voltage is applied. (b) With increasing voltage, the 
depletion region is narrowing and the band bending on the metel/ZnO interface is becoming 
steeper. Consequently, the tunneling injection driven by the electric field of the EDL is induced, 
resulting in electron-hole recombination at the metal edge for light-emission. 
 
7.5 A versatile and simple approach 
 
To discuss the advantages of the proposed approach for electrolyte-induced light-emitting 
devices, the device and its light-emitting properties should be compared with the reported 
TMDC-based LEDs. LEDs in TMDCs are mainly fabricated using three methods. The initial 
LEDs have constructed split-gate structured transistors, in which two local gates are deposited 
on TMDC films. Each gate controls the polarity of the accumulated carriers, which results in 
four electrodes in total to form a p-i-n junction and obtain light emission.
267-269
 Importantly, the 
proposed device offers a much simpler configuration and easier fabrication than the split-gate 
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transistors and, moreover, the concept is also applicable to unipolar semiconductors. 
Another approach is employing an EDLT configuration, which uses EDL capacitors as the 
dielectric layer.
101-103
 Because of the high specific capacitances of the EDLs formed on the 
TMDC interface, the EDLT can simultaneously control the material polarities through the liquid 
gate, resulting in ambipolar transport to induce a p-i-n junction. These local-gated methods are 
able to spatially induce p-doped and n-doped regions in a material to create LEDs; however, 
they needs additional electrostatic control to fix the p-i-n junction. In addition, although EDLTs 
need fine gate voltage control to form p-i-n junctions, to form p-i-n junctions, the proposed 
device only requires the application of a voltage without an intentional control. Therefore, those 
transistor-based LEDs are inferior in terms of power consumption, and additionally, the local 
gates hamper the scalability of the devices. Furthermore, these conventional methods mostly 
require large voltage applications (several tens of volts) to generate light emission in unipolar 
materials such as MoS2, which consequently limits the utility of applying these materials.
66
 
However, in the proposed devices, light emission without ambipolar transport in MoS2 
monolayers and ZnO crystals was successfully realized. 
The third approach is the chemical modification of the TMDC surfaces.
286,287
 Although this is 
one of the most promising methods for future applications, it is still under development in 
TMDC monolayers. Similar situations may possibly happen in emerging semiconductors and it 
inevitably takes a long time to establish reliable chemical doping techniques in new materials. 
Therefore, the proposed strategy is a versatile and important application to investigate the 
optoelectronic properties of materials. 
To evaluate the light-emitting properties, the EQE of the fabricated WSe2 and MoS2 
monolayer LEDs was quantitatively calculated as shown in Figs. 7.11(a) and 7.11(b). The EQE, 
η, was estimated by the following equation, η = N/(I/e), where N is the number of the emitted 
photons and e is the elementary charge, respectively. On the basis of simultaneous 
measurements of both the current and the photocurrent, N can be derived by N = P/E, P = Iph/PS, 
and E = hc/λ, where PS is the photo sensitivity of the introduced photodiode (depending on the 
wavelength, λ, of the EL peak position), and h is the Planck constant, respectively. The PS for 
WSe2 was 0.42 A/W and 0.37 A/W for MoS2 and was determined by using a commercial Si 
photodiode. Using these equations, the estimated η was over 10-4 % for CVD-grown WSe2 
monolayers and 10
-5
 % for MoS2 monolayers. The obtained η in WSe2 and MoS2 is 
approximately one order magnitude lower than that of reported LEDs based on exfoliated single 
crystalline WSe2. This difference might be explained by the lower sample quality of large-area 
polycrystalline films.
267-269
 Consequently, their domain/grain boundaries shorten the exciton 
lifetime.
288,289
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Figure 7.11 The injected current dependent EQE of (a) a WSe2 LED and (b) a MoS2 LED 
 
7.6 Conclusion 
 
In this chapter, a new versatile approach with a simple device structure was proposed to 
generate light emission in semiconductors. The proposed light-emitting device only requires the 
placement of electrolyte on semiconductors with two electrodes and the application of a lateral 
bias to induce a p-i-n junction or a tunneling junction to yield light emission. This approach was 
well demonstrated in TMDC monolayers and a ZnO single crystal. On the basis of the ease and 
the scalability of the device fabrication and material preparation, centimeter size atomically thin 
LEDs from CVD-grown WSe2 and MoS2 monolayers were realized, providing a myriad of 
possibilities to apply these materials for large-area lighting applications. Moreover, the device 
principle can expand to other (unipolar) semiconductors. ZnO LEDs performed at almost the 
minimum operational voltage in wide-bandgap semiconductors.  As a result, the proposed 
approach offers a new and versatile technique for discovering light-emitting devices based on 
emerging materials. 
 
 
 
 
 
 
 
110 
 
Chapter 8 Atomically thin TMDC photodiodes 
 
8.1 Introduction 
 
Reducing power consumption remains among the major challenges for producing 
photodetectors with TMDCs for practical applications.
14,50,57-64
 Although ultrasensitive 
phototransistors based on MoS2 monolayers using Schottky contacts have been reported, these 
devices consume more electrical power than typical p-n junction devices because of their higher 
current noise.
62
 In this regard, the realization of p-n junctions is a key step for realizing 
photo-detecting devices based on atomically thin TMDCs. In the specific case of photoelectric 
conversion functionality based on p-n diodes, photogenerated electron–hole pairs (excitons) are 
readily separated under a built-in potential in a material depletion region and migrate toward the 
electrodes. The p-n photodiode is one of the most important tools for investigating the 
photoelectric conversion properties of materials for photodetector and solar cell applications.
57
 
In recent years, p-n junction photodiodes based on TMDCs have mainly been demonstrated by 
two methods.
267-269,286,287
 One uses ambipolar field-effect transistors based on solid dielectric 
layers (SiO2) with independent two-input local gates (split gates).
267-269
 However, in these p-n 
photodiodes, a constant voltage must be applied for the two gate electrodes (> 10 V) to control 
the material polarities, and the energy consumed due to a continuous gate leakage current is 
non-negligible. Another method is the use of spatially selective chemical doping to lateral p-n 
junctions. However, this chemical doping still has limited utility in atomically thin 
TMDCs.
286,287
 Therefore, a versatile and simple fabrication method for p-n junction photodiodes 
without an external bias is required. 
In this chapter, the photodetection properties of CVD-grown monolayer WSe2 are 
investigated for future large-area photo-detecting applications using the p-i-n junction 
fabrication strategy established in chapter 7.
290
 Stable electrostatic p-i-n junctions are realized 
via the freezing-while-gating technique with no bias application, which is also a developed 
technique for the stable formation of p-i-n junctions in EDLTs.
94
 This technique involves 
freezing the biased electrolyte to restrict the ion movements, which results in built-in electric 
fields with no external bias. Moreover, this device structure is suitable for detailed photocurrent 
spectroscopy because the high carrier density due to the EDLs can more effectively reduce the 
effect of the trapping states in the semiconductor/electrolyte interfaces than those of 
semiconductor/solid-oxide-dielectrics (ex. SiO2). Consequently, the combination of the 
proposed p-i-n junction fabrication and frozen junction fabrication technique is promising for 
p-i-n photodiodes based on atomically thin TMDCs with high built-in electric fields. 
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8.2 Formation of stable p-i-n junctions 
 
8.2.1 Frozen p-i-n junctions 
On the basis of the established device concept described in chapter 7, the formation of stable 
p-i-n junctions is attempted to realize photo-detecting capability.
290
 Because the p-i-n junction is 
simultaneously induced when the voltage is applied to operate LEDs, as shown in Fig. 7.1, it is 
necessary for realizing p-i-n photodiodes to implant (or fix) the doped area; however, the EDLs 
were produced by ion rearrangement driven by applied electric field. Therefore, in order to fix 
the electrostatically-induced p-i-n junction, the device was cooled down to 150 K after applying 
a voltage, which is sufficiently lower than the glass transition temperature of the ionic liquids to 
freeze the movements of the ions. This permits p-i-n junction implantation without external bias 
because the biased ions that originate from the electrostatic carrier doping are fixed at a low 
temperature.
94
 In principle, these frozen ions can stabilize the electrostatic p-i-n junctions as 
shown in Figs. 8.1(a) and 8.1(b). Figure 8.1(c) indicates the I–V characteristics of a fabricated 
WSe2 monolayer LEDs before cooling. After observing the signature of the electrostatic p-i-n 
junctions at an applied bias of ± 3.0 V, the ion gels were cooled down to 150 K under a constant 
bias. Finally, at 150 K, the I–V characteristics was measured, and a clear diode behavior with a 
rectification ratio above 10
2
 at ± 3.0 V was obtained, directly indicating the formation of a 
bias-free p-i-n diode (Fig. 8.1(d)).  
Under ambipolar carrier accumulation (Fig. 8.1(b)), the band diagram follows the alignment 
shown in Fig. 8.2(e). Owing to the high specific capacitance (5-10 μF/cm2) of EDLs, the carrier 
density of the doped region is typically up to 10
14
 /cm
2
.
76
 This high carrier density accumulation 
enables the p-type and n-type doped regions to be close to degenerated semiconductors, while 
the depletion region has a lower carrier density. As a result, the voltage drop in the p- and 
n-doped regions is negligible due to their low resistance, and almost all applied voltage can be 
concentrated on the highly resistive depletion (intrinsic) region. Interestingly, these arguments 
also suggest the band alignment of the p-i-n junction at low temperature (Fig. 8.1(f)), 
corresponding to the situation in Fig. 8.1(d). When the device is cooled down to 150 K under a 
constant bias of 3.0 V, the band alignment of the p-i-n junction is still similar to Fig. 8.2(e). In 
contrast, once the bias is released at 150 K, the Fermi levels of the p- and n-type regions should 
be aligned by mobile holes and electrons without movement of anions and cations, resulting in a 
flip of the built-in potential and the band alignment in Fig. 8.2(f).
290
 In this Fermi level 
alignment, the anions and cations serve as the space charges, and therefore, these frozen ions 
can be stablely fixed on the WSe2 surface to maintain the EDLs even when the applied voltage 
has vanished. In this condition, these devices can be expected to work as p-i-n photodiodes 
without any external bias.
290
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Figure 8.1 Schematic diagrams of unipolar (a) and ambipolar (b) accumulation. (c) The I-V 
characteristic of a CVD-grown WSe2 monolayer LED measured at T = 300 K. The current 
increase at high bias indicates a simultaneous accumulation of both holes and electrons. (d) The 
I-V characteristics of the p-i-n junction after freezing the ion gels. The measurement is 
performed at T = 150 K, and obvious diode behavior is observed, indicating the formation of a 
p-i-n diode. Band diagram in (e) ambipolar accumulation under bias condition at T = 300 K and 
in (f) equilibrium after freezing the ion gels at T = 150 K. EC and EV indicate the energy of the 
conduction band minimum and the valence band maximum, EF is the Fermi level energy 
(dashed lines), and e is the elementary charge. The figures were used with permission from: ref. 
290, © 2016 American Institute of Physics. 
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8.2.2 Photodetection from a p-i-n junction 
  After achieving the formation of stable p-i-n junctions, a light irradiation test was performed 
without any voltage application using a white LED to investigate the photodetection capability 
of the fabricated device (Fig. 8.2(a)).
290
 The luminescence spectrum of the LED is shown in Fig. 
8.2(b) and indicates sufficient energy overlap with the absorption spectrum of the monolayer 
WSe2 film. The LED light was irradiated to the WSe2 monolayers through the ion-gel films. 
Because the spin-coated ion-gel films were sufficiently thin (thickness of < 100 nm) and 
transparent, there is no adverse effect for ion gel absorption.
112
 As indicated in Fig. 8.2(c), the 
clear irradiation power dependent photocurrent (short-circuited current, ISC) generation can be 
observed under the no bias condition. The response rise time (from 10 % to 90 % of the 
maximum photocurrent when switching the light from OFF to ON) and fall time (from 90 % to 
10 % of the maximum photocurrent when switching the light from ON to OFF) were much 
faster than the minimum time resolution of the measurement set-up (100 ms). Most importantly, 
because of the large detection area of the CVD-grown monolayers, the fabricated p-i-n 
photodiode was highly sensitive with an observed linear photoresponse above power densities 
of 1 mW/m
2
, which is the lowest detectable power density reported to date for a TMDC-based 
photodetector.
14,50,57-64,267-269
 
 
Figure 8.2 (a) Schematic depiction of a large-area WSe2 monolayer p-i-n photodiode with light 
irradiation. The ion gel covered channel region is irradiated with a white LED light. Because the 
ion gels is frozen at T = 150 K, the p-i-n junction is stably fixed. (b) The luminescence spectrum 
of the white LED light source. (c) The time-resolved photoresponse of the short-circuited 
current (ISC) measured at incident light powers from 0.0013 to 1.66 W/m
2
. The figures were 
used with permission from: ref. 290, © 2016 American Institute of Physics. 
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8.3 Photodiode properties 
 
8.3.1 Photocurrent spectroscopy 
To further investigate the photo-detecting properties of the fabricated WSe2 monolayer 
photodiode, the excitation-energy-dependent photoresponsivity measurements were 
performed.
290
 For the photoresponsivity spectroscopy, as shown in Fig. 8.3, the devices were 
illuminated by either an LED lamp (Olympus, SZ-LW61) or a Xe lamp (Asahi Spectra, 
Lax-Cute) combined with a monochromator (Asahi Spectra, CMS-100) under a back-scattering 
geometry in a vacuum chamber (< 10
-3
 Pa). The linewidth of optical excitation ranged from 7 to 
33 meV, depending on the excitation wavelength. The beam illuminating the channel region of 
the devices was collected with a rectangular spot size of 3.5 mm × 9.7 mm and a power in a 
range of 30 - 75 µW. The photoresponsivity spectrum was determined as the photocurrent was 
divided by the excitation power as a function of the excitation photon energy. 
 
Figure 8.3 Schematic of the optical set-up for the photoresponsivity measurements 
 
8.3.2 Photoresponsivity 
  Figure 8.4(a) depicts the photocurrent measurements and its band diagram. After fixing the 
p-i-n junction at 150 K, the light is irradiated to channel region and the photo-generated 
electron-hole pairs are separated by the built-in potential induced in the intrinsic region. And 
then, as shown in band diagram of Fig. 8.4(a), both holes and electrons are propagated toward 
each electrode, which contributes to the photocurrent (short-circuit current). By exposing the 
channel region to light at 150 K, a clear photoresponse can be observed, as shown in Fig. 8.4(b). 
Figure 8.4(b) shows the short-circuit current under the illumination of light with three different 
excitation energies, 1.77 eV, 2.14 eV, and 2.48 eV, respectively. For each excitation energy, the 
rise time and the fall time of the photoresponse are much faster than 100 ms, which is the 
minimum time resolution of the measurement set-up, which is similar to Fig. 8.2(c). Importantly, 
as shown in the inset of Fig. 8.4(b), the obtained short-circuit current shows a linear correlation 
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against the excitation power, thus, the photoresponse is solely gained from the photo-generated 
carries in the frozen p-i-n photodiodes. Finally, excitation energy dependent photoresponsivity 
spectroscopy was performed to further reveal the photo-detecting capabilities. Figure 8.4(c) 
indicates the photoresponsivity spectrum as a function of the excitation photon energy. 
Photoresponsivity is a critical parameter to evaluate the performance of a photodetector. It is 
defined as the photocurrent divided by the excitation power. The obtained photoresponsivity 
spectrum reveals four pronounced peaks; these peaks can be assigned to the excitonic energy 
transition corresponding to A, B, A’, and B’, respectively.116 This spectrum shape directly 
reflects the absorption spectrum of monolayer WSe2 and shows perfect consistency, indicating 
that the photocurrent is mainly attributed to exciton generation and subsequent dissociation. The 
photoresponsivity ranges from 10 to 30 mA/W depending on the excitation energy, which is 
comparable to previously reported values in WSe2 p-n photodiodes.
267-269
 
 
Figure 8.4 (a) Schematic depiction of the photocurrent measurement and band diagram in 
equilibrium after cooling the device to 150 K. When the light is used to irradiate the p-i-n 
junction, the photogenerated carriers contribute to the photocurrent. (b) Time-dependent 
short-circuit current, ISC, is shown with three different excitation energies: 1.77 eV (pink), 2.14 
eV (purple), and 2.48 eV (blue), respectively. The inset presents the excitation power 
dependence of ISC for each excitation energy. (c) The excitation energy dependence of the 
photoresponsivity spectrum.  
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8.4 Conclusion 
 
In this chapter, a p-i-n junction photodiode based on cm-scale large-area WSe2 monolayers 
was demonstrated by combining the proposed device concept with a freezing-while-gating p-i-n 
junction fabrication technique. A strong photoresponse was achieved without applying any 
voltage at 150 K. The fabricated devices collected a liner photoresponse above power densities 
of 1 mW/m
2
, representing the lowest detectable power density reported by a TMDC-based 
photodetector. Moreover, on the basis of photocurrent spectroscopy, a clear photoresponsivity 
peak was observed in resonance with the excitonic absorption in the atomically thin WSe2. Most 
importantly, the proposed approach offers a simpler structure and easier fabrication to realize 
p-i-n photodiodes, which provides universal and scalable techniques compared to other relevant 
research. These photodetectors consume less electrical power and are promising for future 
large-area low power consumption optoelectronics such as flexible photodetectors, solar cells, 
and transparent displays. 
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Chapter 9 Electro-optic effect in atomically thin TMDCs 
 
9.1 Introduction 
 
Light modulation is one of the most essential operations in photonic and optoelectronic 
applications.
14,57,291
 The fundamental physical phenomena to realize optical modulators can be 
classified into absorptive modulators that control absorption-related effects and refractive 
modulators that change the refractive index by the Kerr effect, the Pockels effect, and so 
on.
291-293
 In particular, electro-optic effects, such as the Franz-Keldysh effect and the quantum 
confined Stark effect (QCSE), which can offer electrically-tunable optical properties in terms of 
light absorption and luminescence capability, are desirable light modulation solutions for 
telecommunications.
294-296
 The state of the art of electro-absorption modulators has been primary 
introduced thin quantum well structure (thickness of 10 nm) based on III-V semiconductors, 
which enables efficient control of band edge absorption due to a stronger QCSE mechanism.
297
 
Although optical modulators with conventional quantum wells are the backbone of current 
optical communication technologies, the potential limit in terms of fabrication processability, 
miniaturization, and energy consumption is inevitable for future advances because of the 
physical restriction of complementary meta-oxide-semiconductor (CMOS) technology. This 
addresses ongoing challenges to discover an emerging platform for high-performance light 
modulations. 
  One promising candidate is two-dimensional (2D) layered materials, such as graphene, 
transition metal dichalcogenides (TMDCs), and black phosphorus.
14,57,291
 These 2D materials are 
intrinsically free of dangling bonds, resulting in structural and chemical stability and allowing 
isolation of monolayer forms with thicknesses below 1 nm. In particular, atomically thin 
TMDCs have a direct bandgap up to 2.0 eV, offering a rich platform to explore optoelectronic 
functionalities in ultimately 2D systems.
14-16
 For example, a large exciton binding energy (a few 
hundreds of meV) and its fine structure has been revealed in monolayer TMDCs, which 
originates from a strong many body effect mediated by Coulomb interactions.
17-22
 Moreover, in 
this strong confined system, the formation of tightly bounded quasi-particles, such as charged 
exciton (trion) and bi-exciton, can stably exist.
17,298-300
 Importantly, the binding energy of these 
correlated states is approximately one order of magnitude larger than those of traditional 
quantum wells, which directly indicates that monolayer TMDCs are suitable to investigate the 
ability for modulating and manipulating light derived from strongly confined carriers. 
  Regarding the electro-optic effect in TMDCs, recently, several theoretical studies have 
predicted the generation of a large Stark shift of a few tens of meV by applying in-plane and/or 
out-of-plane electric fields to monolayer MoS2.
301,302
 In fact, the electrostatic (out-of-plane) 
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Stark shift of excitonic photoluminescence (PL) and A.C. optical Stark effect have been 
demonstrated in monolayer MoS2, WS2, and WSe2, which suggests the possibility of using 
monolayer TMDCs for optical modulators.
303-305
 However, the electric controllability of the 
Stark shift is still limited to around 10 meV, which is inferior to conventional 
quantum-well-structured optical modulators.
303
 In principle, the out-of-plane polarizability 
should be very small because of the tight confinement along the vertical direction in monolayer 
TMDCs. This means that inducing a large electric filed is indispensable for realizing large 
QCSE. In contrast, although in-plane polarizability has been predicted to be a few orders of 
magnitude larger than out-of-plane, the experimental observation of such large QCSE has not 
yet been reported.
301,302
 
  In this chapter, electro-optic effect in monolayer MoS2, WS2, and WSe2 is investigated by 
introducing electric-field modulation via electric double layers (EDLs). In the first half of the 
chapter, by combining CVD-grown high-quality monolayer MoS2 and WS2 on graphite 
templates with EDL capacitors, excitonic PL properties are evaluated by inducing an 
out-of-plane electric field. The quadratic Stark shift of exciton resonance up to 10 meV is 
observed. Second, the electrolyte-based p-i-n light emitting devices introduced in chapter 7 are 
used to perform simultaneous investigations between the electric-field and EL properties. 
Interestingly, the largest quadratic Stark shift ~ 40 meV of exciton and trion EL in monolayer 
WSe2 is realized by continuously tuning the voltage application. Finally, the observation of 
these enhanced QCSEs is discussed from both aspect of out-of-plane and in-plane Stark effect. 
 
9.2 Quantum confined Stark effect (QCSE) 
 
9.2.1 Van der Waals heterostructures 
  To investigate the optical modulation by inducing an electric field with out-of-plane direction 
of monolayer TMDCs, CVD-grown monolayer MoS2 and WS2 on graphite templates was 
prepared (Fig. 9.1(a)).
306
 It is already well known that the carriers are strongly confined in 
monolayer TMDCs; such tight confinement allows the stable coexistence of excitons and trions 
at room temperature.
17
 This leads to the asymmetric feature in the measured PL spectrum, which 
is the mixed contribution of excitons and trions. Therefore, the initially reported Stark 
spectroscopy required spectrum separation into two spectra, e.g. excitons and trions, to trace 
their individual behaviors against the applied electric field.
303
 The notable advantage to 
introduce the CVD-grown samples on graphite is the absence of trion PL, as measured PL 
spectra of monolayer MoS2 and WS2 shown in Figs. 9.1(b) and 9.1(c), which might be attributed 
to charge transfer and/or energy transfer from the TMDCs to the graphite.
306
 In addition, in this 
TMDC/graphite heterostructure, the graphite template can serve as one electrode of the 
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capacitor structure, offering breaking electric field screening in the materials. Therefore, to 
construct an EDL capacitor, we deposited another gold electrode and spin-coated thin ion-gel 
films, gelation of ionic liquid with thickness below 100 nm, on the TMDC/graphite 
heterostructure and electrode (Fig. 9.1(a)). When the voltage is applied between the graphite and 
the electrode, the anions and cations are redistributed to the material and electrode surface to 
form EDLs. The thickness of the EDLs is ideally down to an ion radius of 1nm, which induces a 
vertical electric field above MV/cm into the TMDC/graphite heterostructure. 
 
Figure 9.1 (a) Schematic illustration of the EDL capacitor with a TMDC/graphite 
heterostructure. (b) The PL spectrum for monolayer WS2 grown on graphite. (c) The PL 
spectrum for monolayer MoS2 grown on graphite. The figure was used with permission from: 
ref. 306, © 2015 American Chemical Society. 
 
9.2.2 Electric-field-modulated photoluminescence 
Figures 9.2(a) shows the applied-voltage-dependent PL spectra of monolayer WS2 in the EDL 
capacitor recorded at room temperature. The measured PL spectra show a red shift and a 
decrease of emission intensity without compromising the symmetric spectrum shape. To further 
visualize the PL variation against the applied voltage, Figure 9.2(b) indicates the color mapping 
120 
 
of the obtained PL spectra as a function of the applied voltage and photon energy. The emission 
energy non-linearly shifts lower with the voltage application and an intensity change can be 
observed. The voltage-dependent PL spectra for monolayer MoS2 were also measured, and a 
similar peak energy red shift and slight intensity variation were obtained. The spectrum fitting 
by a single Lorentzian function was performed for both measured PL in monolayer MoS2 and 
WS2 to clarify the detailed optical properties. Figures 9.2(c) and 9.2(d) exhibit the effective 
voltage dependence of the emission peak energy extracted from peak fitting for MoS2 and WS2. 
It should be noted that the voltage is applied to both interfaces of the electrode and 
TMDC/graphite heterostructure because two EDL capacitors are connected in series, as shown 
in Fig. 9.1(a). For estimating the effective voltage contribution on the TMDC interface, the 
reference electrode was inserted to measure the exact potential drop on the TMDC/graphite 
heterostructure. The exciton peak energies of both MoS2 and WS2 show quadratic red shift up to 
10 meV with the voltage application. The insets of Figs 9.2(c) and 9.2(d) indicate the linear 
relationship between the peak energy and the voltage square. This behavior indicates second 
order perturbation in exciton recombination originating from QCSE. The decrease in PL 
intensity with an applied electric field can be explained by the reduction of the overlap between 
the electron and hole wave functions. Furthermore, full width at half maximum (FWHM) was 
extracted from each PL fitting, and similar to peak energy, the width of the peak also exhibited a 
quadratic variation, which is consistent with QCSE (Figs. 9.2(e) and 9.2(f)).
294,295
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Figure 9.2 The voltage-dependent (a) PL spectrum and (b) color mapping for monolayer WS2. 
The voltage-dependent emission peak energy red shift for monolayer (c) WS2 and (d) MoS2. The 
voltage-dependent spectrum broadening for monolayer (e) WS2 and (f) MoS2. 
 
9.2.3 Observation of out-of-plane QCSE 
  In order to evaluate the exciton polarizability, the applied voltage must be converted to an 
electric field. However, the exact thickness of the EDLs has not yet been revealed. Some 
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theoretical and experimental investigations have reported that the thickness of EDLs is 
intrinsically down to 1 nm (depending on the ion radius).
73-81,307
 Here, we assume that the 
thickness of the EDLs is 1 nm to calculate the electric field. On the basis of these 
approximations, the exciton polarizability can be calculated as 2.0 x 10
-20
 eV (m/V)
2
 for 
monolayer MoS2 and 1.5 x 10
-20
 eV (m/V)
2
 for monolayer WS2. These values are consistent 
with the reported out-of-plane polarizability derived from both theoretical calculations and 
experiments.
301-303
 The polarizability difference between MoS2 and WS2 may be caused by the 
difference of out-of-plane effective mass and the width of the quantum well, i.e. the thickness of 
the monolayer depending on the lattice constant along the c-axis.
301
 Importantly, although the 
electron-hole Coulomb interaction may affect only a slight influence on the carrier motion in the 
vertical direction, these obtained polarizabilities can be explained by the classical 
(in)finite-barrier quantum well model, where the free electron and hole masses are confined 
inside in (in)finite square barriers.
294,295,308
 As an example, Figure 9.3 indicates the calculated 
energy shift when the electric field is applied to the infinite square barriers of a quantum well. 
The energy shift in this approximation is given by:
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where m* is the out-of-plane effective mass, L is the quantum well thickness, and E is the 
applied electric field. This simplistic mechanism preserves that the Stark shift is inversely 
proportional to the fourth power of the quantum well width (the thickness of the quantum well). 
Therefore, the obtained polarizabilities in monolayer TMDCs are nearly four order of 
magnitudes smaller than those reported in conventional quantum wells because the monolayer 
thickness (< 1nm) is one order of magnitude smaller than that of quantum wells (~ 10 nm) based 
on III-V materials.
297
 
 
Figure 9.3 The theoretical energy shift for monolayer TMDCs calculated by the classical model 
in a quantum well with (in)finite square barriers. 
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9.3 Carrier-density- and electric-field-dependent electroluminescence 
 
9.3.1 Voltage-dependent electroluminescence 
Although the pure out-of-plane QCSE was observed by PL spectroscopy on the 
TMDC/graphite heterostructure, the gained Stark shift was limited around 10 meV, as well as 
previously reported results.
303
 The out-of-plane polarizability is significantly smaller than 
traditional quantum well structures because of the tight confinement in this direction. In contrast, 
recent theoretical reports have predicted a polarizability that is a few order magnitudes larger 
depending on the dielectric environment for the in-plane electric field.
301,302
 Therefore, to further 
address the large polarizability, we attempt to introduce a lateral p-i-n diode structure to perform 
simultaneous investigations of the applied voltage (electric field) and EL properties.  
As proposed in chapter 7, a simple approach to induce a dynamic p-i-n junction for 
generating EL was introduced. In this proposed device, we only require the deposition of two 
electrodes, followed by the application of electrolyte (ion-gel) films on the semiconductor and 
electrode surface, as shown in Fig. 9.4(a). When the lateral bias is applied, a ion redistribution is 
occurs to form EDLs at the electrode interfaces. When the applied voltage exceeds the potential 
over the material bandgap (> 2 V), carrier injection and accumulation mediated by EDLs occur 
transiently. And finally, in the equilibrium state, both a p-doped and a n-doped region are 
adjusted to form a quasi p-i-n junction in the semiconductors. This electrolyte-based p-i-n diode 
was built on mechanically exfoliated monolayer WSe2 on a SiO2 substrate (optical image in Fig. 
9.4(a)). Figure 9.4(b) presents typical current-voltage (I-V) characteristics measured in 
fabricated WSe2 p-i-n diodes. The diode-like behavior can be obtained, meaning the propagated 
electrons and holes are recombined to generate EL, in the regime where current is increasing (V 
> 1.6 V). It is noted that the transistor properties using the fabricated devices shown in Fig. 
9.4(a) by both SiO2 back gating and ion gel top gating were performed to confirm ambipolar 
transport in monolayer WSe2 (not shown).  
  Using the fabricated monolayer WSe2 p-i-n diodes, EL spectroscopy against a voltage 
application was performed at 280 K. Figure 9.4(c) shows the comparison between the PL and 
measured EL spectrum at a relatively small applied voltage of 2.4 V. The perfect consistency 
between the PL and EL spectra preserved the excitonic EL generation originating from the 
bandgap of monolayer WSe2 in the fabricated p-i-n diodes. Figure 9.4(d) indicates the voltage 
dependent EL properties ranging from V = 2.4 V to V = 4.2 V. A clear emission peak energy red 
shift and broadening can be observed, as well in Fig. 9.2. The background in the measured EL 
spectra is originated from a lower emission peak around 1.2 eV as shown in Fig. 9.4(d), which 
is attributed to the indirect energy transition of the bulk crystal partially bridged to two 
electrodes (Fig. 9.4(a)). Figure 9.4(e) represents the 2D color mapping of the voltage-dependent 
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EL spectra. A large quadratic red shift up to 40 meV can be found, suggesting the observation of 
a larger Stark effect compared to that of Fig. 9.2. In addition, the EL intensity linearly increased 
with current injection, which provides direct evidence of EL generation from the p-i-n junction, 
as shown in Fig. 9.5. 
 
Figure 9.4 (a) Schematic and optical image of fabricated electrolyte-based monolayer WSe2 
p-i-n diodes. (b) The current-voltage characteristic of WSe2 p-i-n diodes measured at 280 K. (c) 
The comparison between the PL spectrum and the measured EL spectrum at an applied voltage, 
V, of 2.4 V. (d) The voltage dependent EL properties ranging from V = 2.4 V to V = 4.2 V. The 
background is originating from indirect emission of the bulk as shown in the optical image of 
(a). (e) The 2D color mapping of the voltage-dependent EL spectra as a function of V and 
photon energy. 
 
Figure 9.5 (a) The linear and (b) logarithm plot of the current vs. the integrated EL intensity. 
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9.3.2 Control of exciton and trion Stark shift 
To further understand the EL behavior against the applied voltage, spectrum fitting was 
performed for each obtained EL spectrum. Figure 9.6(a) presents the EL spectrum at a V of 2.4 
V with two (pseudo) voigt functions. One fitted peak can be assigned to excitons, and the other 
to trions. It is noted that there is a lower energy transition around 1.2 eV derived from the bulk 
part and a localized peak around 1.5 eV to fit the whole spectrum. We only focused on the peak 
behavior arising from monolayer WSe2. These curve fittings were performed in all EL spectra 
and individual behaviors for exciton and trion EL against applied voltage are summarized in 
Figs. 9.6(b) and 9.6(c). Interestingly, the exciton EL intensity decreased, while trion EL 
intensity increased. Such a difference in the intensity variation between the exciton and trion EL 
supports the direct evidence of a carrier accumulation effect due to high carrier density 
accumulation of EDLs (>10
13
 cm
-2
). This obtained behavior also provides the electrical 
generation and control of exciton and trion EL, which offers the possibility to manipulate tightly 
bounded quasi-particles for optoelectronic applications. We fabricated another device to confirm 
that this mixed contribution of exciton and trion EL is a reproducible property. As shown in Fig. 
9.7(a), the asymmetric EL spectrum was obtained, and it was well fitted by two voigt functions 
as well as Fig. 9.6. Importantly, both excitons and trions show a energy red shift; we extracted 
their peak energy and plotted them against the applied voltage, as shown with the blank symbols 
in Fig. 9.6(d). On the basis of these evaluations, a quadratic red shift up to 25 meV for excitons 
and a red shift up to 40 meV for trions is obviously demonstrated, indicating the realization of 
the largest Stark shift among the TMDCs.
303-305
 
 
Figure 9.6 (a) The EL spectrum measured at a V of 2.4 V with two Gaussian functions. (b,c) The 
126 
 
behaviors for (b) exciton EL and (c) trion EL vs. V. (d) The peak energy for excitons (red) and 
trions (blue), respectively, plotted against V. The data is shown for two different devices. 
 
 
Figure 9.7 Another data set of electrical control of exciton and trion EL generation; (a) peak 
fitting and (b) the spectrum ratio with voltage application. 
 
9.3.3 Temperature dependence 
Although a large Stark shift was observed in monolayer WSe2, it should be noted that the 
obtained peak energy red shift was not affected by adverse effects such as current flowing 
because Joule heating possibly caused a spectrum red shift and broadening. To reduce the 
influence of the heating effect, Fig. 9.8(a) indicates the results for PL and EL spectra measured 
at temperatures ranging from 280 K down to 80 K. With decreasing temperature, both the PL 
and EL spectra show a blue shift and spectrum narrowing. Importantly, the large EL red shift is 
preserved and its behavior versus temperature seems similar to that of PL even when the device 
was cooled down to 80 K. This suggests that the observed red shift is an intrinsic effect of the 
external electric field. In order to further examine the peak energy variation, each exciton and 
trion component in the measured EL spectrum were extracted by spectrum fitting with two voigt 
function (as well as Fig. 9.6). Figures 9.8(b) and 9.8(c) indicate the temperature dependence of 
PL and EL for exciton and trion peaks. Both the exciton and trion PL peak positions were 
simulated by the Varshni equation:
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where T is the temperature, a and b are parameters, and E(0) is the energy position at the zero 
temperature, respectively. The Varshni equation describes the temperature dependence of the 
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bandgap variation in the semiconductors. The black dotted line in Figs. 9.8(b) and 9.8(c) 
exhibits good agreement with equation (9.2). The fitting parameters are determined by an E(0) 
of 1.737 eV for excitons and 1.714 eV for trions. The values for a and b were obtained to be 4.4 
x 10
-4
 eV K
-1
 and 280 K, respectively. This result proves the temperature-dependent blue shift in 
the PL originated from a temperature-dependent bandgap shift.
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Fig. 9.8 (a) The PL and EL spectra measured at temperatures ranging from 280 K to 80 K for 
WSe2 p-i-n diodes. The black solid line indicates the PL spectrum, the colored solid line shows 
the EL spectrum at a V of 2.8 V, and the dotted solid line shows the EL spectrum at  a V of 4.2 
V. (b,c) The temperature dependence of the peak energy for (b) excitons and (c) trions. The 
black dotted line represents the fitted results for PL position vs. temperature. The blue, purple, 
and pink symbols indicate the energy shift in EL for a V of 2.8 V, 4.0 V, and 4.2 V, respectively. 
 
  As shown in Figs. 9.8(b) and 9.8(c), the exciton and trion EL peak energy shift show a similar 
tendency as well as PL behavior down to T of 150 K, meaning the temperature dependence of 
the blue shift is dominated by the bandgap change. On the other hand, in the lower temperature 
regime (T < 150 K), the blue shift behavior in EL is smaller and the Stark shift apparently 
becomes larger as the temperature decreases. This saturated behavior of the EL blue shift with 
decreasing temperature suggests a Joule heating effect at low temperature, which means the 
critical temperature induced in the device was higher than the temperature of the sample stage. 
Although the Stark shift at low temperature may include the heating effect, we can conclude that 
the observed large red shift of excitons and trions were due to the Stark effect for T > 150 K. 
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9.4 Enhanced Stark effect in atomically thin materials 
 
It is important to understand the origin of the observed enhanced Stark shift in EL properties. 
Figures 9.9(a) and 9.9(b) depict the band profile and equivalent circuit of a fabricated WSe2 
p-i-n diode. Because the p-doped and the n-doped regions are degenerate semiconductors due to 
the high carrier density accumulation of the EDLs, the lateral voltage is mainly applied to the 
intrinsic region. To consider the electric-field dependence of the Stark shift, two recombination 
models in the fabricated device can be assumed; (i) the exciton and trion EL was generated from 
the intrinsic region and it is influenced by the lateral electric field, as shown in the schematic of 
Fig. 9.9(c). (ii) the exciton and trion EL was generated from the doped region and it is 
influenced by the vertical electric field derived from the EDLs, as shown in the schematic of Fig. 
9.9(d). 
For the first approximation, in order to estimate the lateral electric field in our system, the 
width of the intrinsic region was calculated by Ohm’s law, V = IR and R = (L/S)ρ, where R is the 
electrical resistivity, L is the width of the intrinsic region, S is the cross-section area of the 
channel, and ρ is the per unit area. The estimated intrinsic region for the fabricated device 
shown in Fig. 9.4 is 100 nm, which is in good agreement with the estimated value in the 
previously reported electrolyte-induce p-i-n junction (another date set is also shown in Fig. 
9.7).
94,102
 Using this value, as shown in Fig. 9.9(c), the in-plane polarizability of the exciton 
Stark shift can be estimated as 5.2 x 10
-17
 eV m
2
 V
-2
 and trion one can be calculated to be 1.0 x 
10
-16
 eV m
2
 V
-2
 for monolayer WSe2. These values are several order of magnitude larger than 
the vertical electric field obtained in PL QCSE (Fig. 9.2). Some theoretical reports have 
predicted larger polarizability for the in-plane electric field in monolayer TMDCs; those studies 
clarified that the in-plane polarizability could be enhanced by more than two orders of 
magnitude than the out-of-plane depending on the dielectric surroundings.
301,302
 In our 
experimental conditions, the sandwich model of SiO2 and the ion gels for the dielectric 
environment can be considered, and the combined dielectric constant can be calculated to be 
(10+3.9)/2 ~ 7 based on the reported dielectric constant of the ionic liquid.
311,312
 The theoretical 
exciton in-plane polarizability in this dielectric constant value has been calculated to be 3.5 x 
10
-17
 eV m
2
 V
-2
 for monolayer WSe2, which is reasonably close to our experimental value.
301
 
Note that the threshold of the in-plane electric field for exciton ionization was estimated to be ~ 
10
6
 V cm
-1
 in monolayer TMDCs due to the large exciton binding energy; there by, it is 
sufficiently larger than that of the experiment to eliminate the influence of exciton ionization 
and electric-field-induce quenching.
313,314
 Therefore, the obtained enhanced exciton 
polarizability can possibly be explained by the difference of the out-of-plane and in-plane 
polarizability in monolayer TMDCs. However, in this model, the trion polarizability should be 
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principally smaller than that of the exciton because of the smaller binding energy. This is 
inconsistent with the observed situation, in which the trion Stark shift is larger than that of the 
exciton. 
 
Figure 9.9 (a) The band profile and (b) equivalent circuit of the fabricated WSe2 p-i-n diode. (c) 
The schematic for the exciton and trion EL and their electric-field-dependent peak energy red 
shift. (d) The model for generation of exciton and trion EL in the doped region and its 
electric-field-dependent peak energy red shift. 
 
Although the enhanced polarizability of the exciton and trion EL is possibly explained by the 
in-plane electric field contribution, another model particularly for trion EL would be considered 
as a different mechanism because trions should be generated in high carrier density regions. 
This suggests that the trion EL is derived from highly p-doped and n-doped regions, and in these 
regions, the out-of-plane electric field originating from EDLs plays a principle role for voltage 
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consumption. Therefore, if we believe that the specific capacitance of a p-doped and a n-doped 
regions are equivalent, half of the applied voltage contributes to the out-of-plane electric field, 
as indicated in the circuit diagram of Fig. 9.9(a). Importantly, the exciton’s diffusion length in 
monolayer WSe2 has been reported to be 1 μm, and this value is one order of magnitude larger 
than the width of the intrinsic region (~ 100 nm) estimated in our device.
315-317
 As a result, the 
generated excitons in the intrinsic region possibly diffused to the doped region to be recombined 
and some form trions followed by generating recombination, as illustrated in the schematic of 
Fig. 9.9(b). This model well explains the increase of the trion EL ratio compared to the exciton 
EL with an increasing applied voltage (Figs. 9.6 and 9.7). On the basis of the recombination 
model in the doped region for excitons and trions, as shown in Fig. 9.9(d), the quadratic red 
shift is caused by the out-of-plane electric field. In analogy with the observed QCSE in 
monolayer MoS2 and WS2 shown in Figs. 9.2(c) and 9.2(d), the out-of-plane polarizability was 
calculated up to 2.1 x 10
-20
 eV m
2
 V
-2
 for excitons and 4.1 x 10
-20
 eV m
2
 V
-2
 for trions by using 
an EDL thickness value of 1 nm.
307
 These results are in good agreement with the obtained 
results of the PL shown in Fig. 9.2, and thus, the observed Stark shift in the EL also possibly 
originated from the out-of-plane QCSE. The obtained polarizability of trions in monolayer 
WSe2 results in a relatively larger value than that of the excitons of monolayer MoS2 and WS2. 
This difference may be explained by the increased effective mass for trions because the 
out-of-plane QCSE is sensitive to the effective mass and linearly depends on it.
294,295,308
 The 
material dependence of out-of-plane QCSE for monolayer TMDCs requires further investigation 
in terms of band calculation, effective mass estimation, and layer dependence. Importantly, the 
large Stark shift of excitons and trions can be realized by utilizing large electric field application 
up to 10
7
 V cm
-1
 due to EDLs, which is almost impossible to achieve in conventional device 
configurations.  
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9.5 Conclusion 
 
In this chapter, first, the electro-optic effect was investigated in monolayer TMDCs by 
introducing a combined capacitor configuration with a TMDC/graphite heterostructure and an 
electrolyte. High-quality CVD-grown monolayer MoS2 and WS2 on graphite enabled us to 
evaluate the exciton behavior against the out-of-plane electric field because only the exciton 
peak appears in the PL spectrum measured on those samples. The quadratic red shift of emission 
energy up to 10 meV preserved the observation of the quantum-confined Stark effect. Second, 
to gain a larger Stark shift and its electrical controllability, the electrolyte-based light-emitting 
structure established in chapter 7 was introduced to examine the electroluminescence properties 
against the electric field. Interestingly, the generation of both exciton and trion 
electroluminescence was observed in monolayer WSe2, and the ratio of them can be 
continuously tuned by the voltage application, indicating the electrical control of quasi-particle 
EL. Most importantly, the largest quadratic red shift up to 40 meV for excitons and trions was 
realized among monolayer TMDCs. Finally, by considering the recombination model in 
fabricated light-emitting devices, the comparison between the out-of-plane and in-plane electric 
fields were discussed to understand the enhanced exciton and trion polarizabilities. Although the 
main (or mix) contribution of the out-of-plane and in-plane electric fields for an enhanced Stark 
shift requires further investigations in our light-emitting devices, we can conclude that the large 
excitonic Stark shift can be realized just by applying a voltage of ~4 V, which offers a 
revolutionizing platform for control and manipulation of light modulation in monolayer 
TMDCs. 
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Chapter 10 Conclusions and outlook 
 
This thesis focused on establishing material synthesis, device architecture, and exploring 
functionality for electronic and optoelectronic device applications based on new atomically thin 
material transition metal dichalcogenides (TMDCs). Reproducible, uniform, and large-area 
chemical vapor deposition (CVD) methods have been established for producing high-quality 
TMDC monolayers. On the basis of the material preparation strategy, unique device architecture 
for transistors with electrolyte gating, so-called electric double layer transistors (EDLTs), has 
been developed for achieving device applications that embed various 2D features of TMDCs. 
By combining CVD-grown TMDCs and EDLTs, four device functionalities governed by 
atomically thin features in terms of electronic and optoelectronic devices have been realized, as 
summarized in Fig. 10.1. 
 
Fig 10 The summary of the explored TMDC electronic and optoelectronic functionalities: (I) 
Highly flexible and fully stretchable TMDC transistors and circuits. (II) High-performance 
monolayer TMDC CMOS inverters. (III) Enhanced power factor in TMDC thermoelectric 
devices. (IV) New approach for generating a TMDC light-emitting and photo-detecting device. 
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Regarding electronic devices, by utilizing superior electrostatic controllability of both 
TMDCs and EDLTs, scalable, reproducible, polarity-controlled, and high-performance 
transistors and complementary circuits have been demonstrated. In particular, the 
complementary inverters constructed from CVD-grown TMDC EDLTs have achieved one of the 
best switching performances with the highest gain, a high noise margin, and low power 
consumption, among the reported inverters based on atomically thin materials. Furthermore, a 
transfer technique for CVD-grown monolayers has been developed to assemble transistors and 
inverters on deformable substrates. Owing to the flexible nature of the electrolyte, the TMDC 
transistors and complementary inverters fabricated on plastic and/or rubber substrates have 
realized high flexibility and full stretchability, which are the first demonstrations for using 
TMDC monolayers in flexible and stretchable electronics.  
By combining the 2D band structure of monolayer TMDCs and the high carrier density 
control of EDLTs, continuous tuning of thermoelectric conversions has been demonstrated. 
Simultaneous investigation of carrier-density-dependent electrical conductivity and the Seebeck 
coefficient have maximized the thermoelectric power factor for both conduction and valence 
band filling, resulting in an order of magnitude larger enhancement compared with their 
three-dimensional bulks. The evaluation between the experiment and theory has revealed this 
enhanced thermoelectric power originated from a low-dimensional effect, thereby; the obtained 
results opened a route for using TMDC monolayers to design high-performance thermoelectric 
devices. 
To explore optoelectronic functionalities originating from a quantum confined system of 
atomically thin TMDCs, specifically, new electrolyte-based device structures for manipulating 
light emission and photodetection have been proposed. Understanding the operating mechanism 
of this proposed device has consequently enabled fabrication of TMDC-based monolayer p-i-n 
light-emitting diodes and photodiodes. The most important advantages of the proposed device 
are easy fabrication and peculiar formation of dynamic light-emitting p-i-n and tunneling 
junctions, resulting in a simple and versatile approach to create light emissions and 
photodetection in emerging semiconductors. Moreover, by applying this new light-emitting 
device to TMDC monolayers, the carrier-density- and electric-field-dependent 
electroluminescence properties have been investigated. As a result, electrical generation and 
control of excitons and charged excitons (trions) electroluminescence mediated by many body 
effects of TMDCs have been realized. Importantly, the large electro-optic effect in terms of the 
excitonic Stark effect has been demonstrated, which raises a new 2D platform to manipulate 
excitons and develop high-performance optical modulators based on monolayer TMDCs. 
Although the results obtained in this thesis pave the way for electronic and optoelectronic 
device applications based on atomically thin TMDCs, several significant challenges still remain 
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for future practical utility. The CVD methods can produce cm-scale monolayer films; however 
their reproducibility and scalability need to be further improved. Establishing wafer-scale 
growth technology would be a key step to fulfilling industrial requirements. In addition, it is 
difficult to control the disorder and defects in the current CVD-grown films. This consequently 
results in difficulties in polarity control and/or limits device performances. To overcome this 
problem, EDLTs with high capacitance have been introduced to suppress these negative effects 
because EDLTs can easily fill these trap states and can access the intrinsic performance of the 
materials. The gained high-performance transistors and circuits benefitted from the ventures of 
EDLTs; however, it still has been difficult to obtain such superior switching ability in 
oxide-based TMDC transistors. Moreover, the efficiency of fabricated TMDC-based 
light-emitting and photo-detecting devices was also degraded compared to that of the exfoliated 
samples. These compatibilities between CVD-grown polycrystalline films and exfoliated single 
crystalline films directly reflect the limited quality of the CVD-grown films, and indicate that 
there is room for further improvement of film quality. In addition to material quality, further 
device improvements in terms of the large-area integration technique and patterning technique, 
the enhancement of device characteristics such as operation speed, and operation durability are 
also required for EDLTs. The advantageous electrostatic tunability and mechanical properties of 
EDLTs will be a new platform for realizing atomically thin electronics and optoelectronics in 
the future. 
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6.  蒲江, 藤本太陽, J.-K. Huang, L.-J. Li, 坂上知, 竹延大志, “単層WSe2を用いた電気二
重層発光ダイオード”, 日本物理学会 第 70 回年次大会, 早稲田大学 (2015/3) 
7.  J. Pu, “Flexible and stretchable thin-film transistors of transition metal dichalcogenides”, 
Innovation in R&D of the Flexible Electronics -Toward the Inorganic Flexible Devices-, The 
Japan Society of Applied Physics, Hokkaido Japan (2014/9) [invited] 
8.  蒲江, 金橋魁利, N. T. Cuong, L.-J. Li, 岡田晋, 太田裕道, 竹延大志, “単層遷移金属
ダイカルコゲナイドにおける熱電効果の電場変調”, 日本物理学会 2014 年秋季大会, 中
部大学 (2014/9) 
9.  蒲江, 清水諒, C.-H. Chen, 岩佐義宏, L.-J. Li, 竹延大志, “大面積単層WSe2薄膜を用
いた PN フォトダイオード”, 第 61 回応用物理学会春季学術講演会, 青山学院大学 
(2014/3) 
10.  蒲江, J.-K. Huang, 清水諒, 舟橋一真, L.-J. Li, 岩佐義宏, 竹延大志, “単層WSe2薄
膜を用いた電気二重層トランジスタ”, 日本物理学会  2013 年秋季大会 , 徳島大学 
(2013/9) 
11.  蒲江, J.-K. Huang, 清水諒, 舟橋一真, L.-J. Li, 岩佐義宏, 竹延大志, “遷移金属ダイ
カルコゲナイドを用いた電気二重層トランジスタ”, 第 74回応用物理学会秋季学術講演
会, 同志社大学 (2013/9) 
12.  J. Pu, Y. Yomogida, K.-K. Liu, L.-J. Li, Y. Iwasa, T. Takenobu, “Flexible, stretchable 
MoS2 thin-film transistors with ion-gel gate dielectrics”, APPC12, Chiba Japan (2013/7) 
13.  J. Pu, Y. Yomogida, K.-K. Liu, L.-J. Li, Y. Iwasa, T. Takenobu, “Flexible, stretchable 
MoS2 thin-film transistors with ion-gel gate dielectrics”, Flexible Electronics, Erlangen 
Germany (2013/6) 
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14.  蒲江, 張奕勁, 和田義史, J. Wang, L.-J. Li, 岩佐義宏, 竹延大志, “MoS2電気二重層
トランジスタにおける一軸性歪みの影響”, 日本物理学会 第 68 回年次大会, 広島大学 
(2013/3) 
15.  蒲江, 蓬田陽平, K.-K. Liu, L.-J. Li, 岩佐義宏, 竹延大志, “イオンゲルを用いた
MoS2薄膜トランジスタ”, 日本物理学会 2012 年秋季大会, 横浜国立大学 (2012/9) 
16.  蒲江, 蓬田陽平, K.-K. Liu, L.-J. Li, 岩佐義宏, 竹延大志, “フレキシブル MoS2薄膜
トランジスタ”, 第 74回応用物理学会秋季学術講演会, 愛媛大学 (2012/9) 
17.  J. Pu, Y. Yomogida, H. Shimotani, S. Ono, S. Hotta, Y. Iwasa, T. Takenobu, “Ambipolar 
organic single-crystal transistors based on ion gels”, ICFPE2012, Tokyo Japan (2012/9) 
18.  蒲江, 蓬田陽平, 下谷秀和, 山雄健史, 堀田収, 岩佐義宏, 竹延大志, “イオンゲル
を用いた単結晶両極性電気二重層トランジスタ” 日本物理学会 第 67回年次大会, 関西
学院大学 (2012/3) 
*国際学会ポスター発表 8件, 第 34回電子材料シンポジウムポスター発表 1件 (全主著) 
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